Imperial Agricultural 
Research Institute, New Delhi. 

MO I !'C-_S4r—HI-1-^3—2--8-1.>-5 






Library, 

Mitt Agricultural Research lnnicuta 
IWw Delhi (Mk)< 




CHEMICAL REVIEWS 


EDITORIAL BOARD 


W. Albert Notes, Jr., Editor 
Louise Kelley, Assistant Editor 


E. R. Gilliland 
L. O. Brockway 
Norman D. Scott 


R. C. Elderfield 
Charles G. King 
Warren C. Johnson 


VOLUME 30 


PUBLISHED BI-MONTHLY FOR 

The American Chemical Society 
by 

The Williams & Wilkins Company 
Baltimore, U. S. A. 

1942 




CONTENTS 

Number 1, February, 1942 

Reduction of Silver Halides and the Mechanism of Photographic Develop¬ 


ment. T. H. James and G. Kornfeld. 1 

The Constituents of Derris and Other Rotenone-bearing Plants. H. L. 

Haller, L. D. Goodhue, and Howard A. Jones . 33 

Structure and Antipneumococcic Activity in the Cinchona Series. Alice 

G. Renfrew and Leonard H. Cretcher . 49 

Indole. R. B. Van Order and II. G. Lindwall . 09 

Naphthenic Acids. II. Manufacture, Properties, and Uses. Edwin R. 

Littmann and J. R. M. Klotz . 97 

The Chemistry of Quinolines. R. II. Manske . 113 

The Chemistry of Isoquinolines. R. H. Manske . 145 


Number 2, April, 1942 

Symposium on the Thermodynamics of Electrolytic Dissociation : 

The Effect of Dielectric Constant on Acid-Base Equilibria. Martin 


Kilpatrick . 159 

Molal Volumes. V. Thermodynamic Properties of Electrolytes at 

Infinite Dilution. O. Redlich and J. Bigeleisen . 171 

The Apparent Molal Heat Capacities and Volumes of the Amino Acids 
and their Uncharged Isomers. Frank T. Gucker, Jr., Irving M. 

Klotz, and Theodore W. Allen . 181 

Some Heats of Dilution and Related Thermal Quantities of Aqueous 
Cadmium Chloride, Bromide, and Iodide Solutions. A. L. Robinson 

and W. E. Wallace . 195 

The Calculation of the Thermodynamic Properties and the Association 
of Electrolyte Solutions. George Scatchard and Leo F. Epstein. . 211 
The Stabilization of Valences by Coordination. M. J. Copley, Laurence 

S. Foster, and John C. Bailar, Jr . 227 

Recent Work in Molecular Beams. W. II. Bessey and O. C. Simpson . 239 
Organobismuth Compounds. Henry Gilman and Harry L. Yale.. . . 281 


Number 3, June, 1942 

Symposium on Physicochemical Methods in Protein Chemistry 


Introduction to the Symposium. I). A. MacInnes . 321 

Recent Advances in the Study of Proteins by Electrophoresis. Lewis G. 

Longswortii . 323 

The Ultracentrifuge. Practical Aspects of the Ultracentrifugal Analysis of 

Proteins. E. G. Pickels . 341 

The Investigation of Proteins by Diffusion Measurements. Hans 

Neurath . 357 

The Acid-Base Titration of Proteins. R. Keith C annan . 395 

iii 





















IV 


CONTENTS 


Solubility Methods in the Study of Proteins. Roger M. Herriott . 413 

Protein Constituent Analysis by the Solubility Method. Stanford 

Moore, William H. Stein, and Max Bergmann. 423 

The Investigation of Proteins by Dielectric Measurements. J. L. Oncley .. 433 

Author Index, Volumes 21 to 30. 451 

Subject Index, Volumes 21 to 30. 457 







REDUCTION OF SILVKR IIALIDKS AM) TIIF AIFCIJ AMSM OF 

jmioto(;rariii( < dkvkloi’mkxt 1 

T. 11. JAMKS \\i) (J. KOKNTKL1) 

Kodak Research Laboralortts, Rochester, X( w ) Ork 

Rtccircd September 10, 10'fl 

Kxposure of photographic emulsions results iti tli(' formation of development 
centers consisting of latent-image silver; one development center is sutlicient to 
produce the development of a whole silver bromide grain. The amount of latent 
image silver is determined by the amount of absorbed energy, bid its effectiveness 
for 1 development depends on its location and distribution, factors which are 
greatly influenced b\ preformed sensitivity centers. The number of quanta re¬ 
quired for the developability of a grain is variable*, but certain limits can 
be estimated. 

Developers arc* reducing agents which react with exposed silver bromide at a 
much greater rate than with the* unexposed material. A great number of reducing 
agents, inorganic as well as organic, possess this property. Ilydroxylamine 
belongs to this gioup and its oxidation can easily be* followed analytically; its 
late of oxidation was investigated with silver ion in solution, with silver chloride 
sols, and with precipitated silver chloride. The catalytic influence of metallic 
silver was found in all cases; the reaction in solution proved that silver ions an* 
adsorbed at t he* silver. 

Sonic* secondary features of development can be viewed in the light of tin* oxida¬ 
tion product theory, others in the light of the surface* charge theory. The 
mechanism of development, however, cannot Im* explained by eit her of t hem. The 
development reaction can be regarded as belonging to a group of reactions which 
proceed with enhanced activity at an interface. It is discussed in connection 
with experimental data and theoretical considerations concerning this group. 

1. DKYKLOl* VIUL1TV OF KXl’OSKl) KMt’LSIONS 

Silver halides are not stable' in the presence of a reducing agent, hut, react, to 
form metallic silver. This property of the* silver halide's, although a necessary 
eonditiou lor photographie development, is ne»t sufficient. A reducing agent, 
canned lx* a elevedeipe'r unless its reaction rate* with e.\pe>s<*d silver haliele* is of a 
higher order e»f magnitude than its reaction rate" with the' unexposed material. 
Only a very weak reducing agent will difTcrcntintc bed ween ex post'd anel uncx- 
pe>se*el pure precipitates e>f silver haliele* (70), hut many ele*vele>p(*rs can he* feumel 
lor silver haliele* sols. Kven mein* reducing agents act. as devedopers in photo¬ 
graphic emulsions. 

Photographic emulsions are* not true* emulsions us defined in eolleiiel chemistry, 
hut eonsist eif* silver haliele grains eif microscopic eliine'iisiems embedded in gelatin. 
In the* ne*gati\e material, the* t*mulsion grains are* silver bromide e*ryst,als, somc- 
time*s eoutaining a small percc*ntage of silver ieieliele*. Tlie* diameter of these 
grains normally lie's he*t\ve*en 1 anel 0.1 p. In seam* positive* emulsions silver 
ehloriele is use*el. In meist emulsions, exe*ess haliele* ions are* adsorbed to the* sur- 

1 ('oinmunication No. S21 from Ihc Kodak Hcsearch La bora lories. 


1 



2 


T. II. JAM 10S AND (I. KOHNFELD 


face and, in th(* ease* of optically sensitized emulsions, dyes art* adsorbed to the 
surface. 

After a photographic emulsion has been exposed to light which it can absorb, 
subsequent treatment with a developer produces silver in an amount which will be 
a measure 4 of tin 1 exposure, hi this way, a developed image 4 of the photographed 
object is obtained. Kven though the emulsion does not show any visible 4 change 4 
after the 4 usual exposure, it is safe 4 to assume 4 that hidden change's occur which 
give 4 the 4 shape* of the image afte*r development. The 4 term “latent image 4 ”, 
which was chosen for the* e 4 ffe 4 e*t of exposure on the* photographic emulsion, is thus 
accounted for. f rhe* nature* of the latent image* has be 4 en tlie* object of a lemg 
ce>ntroversy between e*xpe>ne 4 nts of wide*ly different e»pinions. This controversy 
may be* re 4 garele 4 el as cle)se*d, however, since* the* iele*ntificatinn of the 4 late 4 nt image 4 
with metallic silve*r is re > asonablv w« 4 ll sup|)e>rte 4 d by all the* available 1 e*\iele 4 ne*e*. 

A. I’lwloli/lic silrrr 

The* proeliU‘tie>n of silver by prolong< 4 el exposure to light had be 4 e 4 n e*stablishe 4 el 
much e 4 arlier and was the- subject of nume*re)iis studies. Hggert auel Xnddack 
(20, 21) found that the* amount of photolvtie* silver followe 4 d Kinstcin’s law e>f 
photochemical equivalence, so that the* numbe 4 r of re*eIue*e 4 < 1 silve*r atoms is e*ejual 
te> the* numbe 4 r of cpiunta absorbed. This re*lation can be* found only in the* 
pre 4 se 4 nce* of a halogen acceptor. For moderate 1 e 4 \posure 4 s gelatin is sufficient to 
pre 4 ve 4 nt recombination, but for highe 4 i* exposures it is necessary to add e)the*r ac- 
ce'ptors, like* sodium nit rite 4 , in e>r<l< i r te> obtain a (plant um efficiency of 1. Kggert 
and Noddack assume 4 el that the*ir results we*re 4 valiel also for the* silve*r of the 4 
normal late*nt image*; their conclusions are* supported by the* investigation of van 
Kre*ve 4 lel and .lurriens (55), who developed a very se*nsitive* method e)f ele‘te*e 4 ting 
the* silver by its absorption in the* re 4 el region of the* spectrum. They showed that 
the 4 pre>elnctie»n of silve*r is proportional to the* exposure over a very wiele 4 range 4 , 
e 4 \te 4 nding te) e‘.\posure*s which are 4 in the* region e>f tIn* lat<*nt image. Me)re*e)ve 4 r, 
e>n extrapolation, the 4 straight line 4 obtained by plotting the* amount e>f silve 4 r 
against the* e 4 xposurc 4 ge)e*s through the* point of origin of the* coordinates. 

It has been shown that t wo emulsions of equal absorptive* pe)\ve*r contain, afte i r 
e*epial e*xposure 4 , e*epial amounts of late 4 nt-image* silve*r. Tlu*ir photographic 
sensitivity , however, may elifTe*r widely, whi«*h me 4 ans that the* amount of silver 2 
produced by ele*velopme 4 nt will be* complcte'ly different in the two emulsions. It 
is e*le 4 ar that the 4 me 4 re 4 formation of photolvtie silve*r is not a sufficient condition 
tor developability. 


2 The developed silver is usually measured by the optical density, as originally proposed 
by Ilurter and Driffield {'M \). I'his density, the logarithm of the ratio lx* tween incident 
and transmit teel light, was supposed to be proportional to the mass of the* silver. Later 
investigations (ai, (>7, 7S, S7, KKI) sho\\e*d that this re'lation does not always hold, but it is 
approximately valid over a considerable range* if the* degree of development, is constant and 
only the* exposme is varied. 
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B. Development venters and sensitivity centers 

In their early investigations on photographic development, Sheppard and 
Mees (92) discovered the important part played by the individual grains. 
Microscopic investigations revealed that, if development- is carried to completion, 
every grain which starts to develop is reduced throughout. Development in one 
grain does not affect the neighboring grains, however, unless they are in such 
close contact that “clumping” occurs (114). Large-sized grains can be expected 
to produce, therefore, a much greater density than grains of small size, since a 
much larger area is affected if development is'started in a large grain. By micro¬ 
scopic observations on arrested development, Hodgson (34) was able to locate the 
starting points of development on the grains. lie found that the formation of 
one (‘('liter was sufficient for the development of the whole grain. The develop¬ 
ment (‘('liters subsequently were made the subject of numerous studies. Sved- 
berg and Andersson (116a) developed a technique for investigating emulsion layers 
consisting of single-grain layers of one size-class, and Toy (118) succeeded in pre¬ 
paring single-grain layers not only of equal size but also of equal shape. It was 
always found that the centers were distributed at random over the various grains, 
the probability of center formation increasing with the projective area of the 
grains. 

Thorough investigations of the effect of grain size on developability were 
carried out by Sheppard with Wightman and Trivelli (143 to 150). Within the 
same emulsion, the projective area of the grains was found to be the decisive 
factor for the formation of development centers, and an attempt was made to 
interpret the density curve on the basis of the different grain-size classes. How¬ 
ever, the difference in the sensitivity of various emulsions could not be explained 
in the same way, and it became more and more evident in the course of the in¬ 
vestigation that some inherent property of the emulsion played an oven more im¬ 
portant part. 

In the subsequent search, it was found that this property was connected with 
the nature of the gelatin used in the after-ripening process (96). It was assumed 
that an impurity is responsible for the effect on sensitivity. This impurity, 
tentatively called gelatin X, was concentrated from the gelatin by various 
disintegrating operations, using the* effect on sensitivity as an indicator. A com¬ 
parison with the effect of plant seeds led to the discovery of the effectiveness of 
mustard oil and finally to the grouping of gelatin X with the thiocarbamides. 
The active group was supposed to have the constitution 

=N 

\ 

o=s 

/ 

=N 

which is able to form a complex with silver ion and finally to produce silver 
sulfide. Thiocarbamide was found to have, indeed, a strong sensitizing effect if 
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it is used under conditions whore silver sulfide can be formed. One part in 
100,000 to 300,000 parts of silver bromide* already gives the optimum effect; much 
more than this results in fog. This high efficiency is connected with the auto- 
catalytic character of the thiocarbamide reaction, which results in the formation 
of concentrated centers of sensitivity (13). The silver sulfide specks on the 
surface of the grains are supposed to act as concentration centers for the latent- 
image' silver and in this way to produce* the development (‘('liters (101, 102). 

Microscopic evidence for the concentration of the photolytic silver in discrete 
specks has been given by Trivelli and Sheppard (121), who concluded that the 



Ki(i. 1. IMiotolylic silver panicles (Hall and Scliocn) 

same process takes place in the region of much lower exposure, corresponding to 
Intent-image production. This has recently been justified by means of the 
electron microscope, which gives results in lower exposure regions than the 
optical microscope. Figure 1 1 shows a photograph of the silver specks on a silver 
bromide grain, obtained by Hall and Sehoen (30). 

The existence of sensitivity (‘('liters is supported by experimental evidence 
showing that the formation of discrete development centers is not necessarily 
connected with the action of light, but can also be produced by chemical agents, 
such as hydrogen peroxide, sodium hypophosphite, sodium arsenite, and others 
(11, 15, 10, 10, 07, 100, 110). ('lark (17) found, further, that the sensitivity 
to arsenite could bo destroyed by treatment with chromic acid in the same way 
as the sensitivity to light. 
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C. Formation of the development centers 

A theoretical explanation for the action of the sensitivity centers is given by 
the Gurney-Mott (28) mechanism of latent-image formation. On the basis of 
this hypothesis it is possible to account not only for the primary act connected 
with the absorption of light, but also for the subsequent concentration of the 
reaction products. 

The evidence for the primary act was furnished by the inner photoelectric 
effect. Vanselow and Sheppard (105,108,125) studied the instantaneous change 
of potential on illumination of silver halides, i.e., the photovoltaic effect; Toy 
(119) and Harrison (120) investigated the photoconductivity. Both phe¬ 
nomena signify the release of electrons by absorption of light, so that they can be 
shifted over some distance inside the crystal. 

Webb (133) interpreted the internal photoelectric effect in the silver halides on 
the basis of the quantum-mechanics model of the structure of ionic crystals. 
According to this conception, the electronic levels of the individual lattice ele¬ 
ments will be affected by the surrounding elements, so that each electronic level 
covers a variety of energies which are freely interchangeable between the ele¬ 
ments of the same kind. Thus, the electronic levels will be represented by bands 
or zones instead of the sharp lines characteristic of the gaseous state. In silver 
bromide an electron in the lowest zone, corresponding to the ground state of the 
bromide ions, will have no freedom of movement, since all available positions for 
electrons are filled. A zone of a higher level, however, may have unfilled posi¬ 
tions into which the electrons can move. Such a band is called a conduction 
band. The absorption act in the silver halide was assumed to consist in the 
elevation of an electron from the ground zone formed by the bromide ions to a 
conduction band formed by the silver ions where it could move through the 
crystal. 

Gurney and Mott adopted this interpretation of the primary act (74) and sup¬ 
plemented it by a plausible explanation of the formation of centers. The 
electrons traveling through the crystal will eventually be trapped by some 
irregularity or impurity in the lattice. An electron trapped in this way would 
resist the trapping of another electron because of the electrostatic repulsion. 
This fact presented a serious difficulty to the theory of latent-image formation, 
until Gurney and Mott bridged the gap by taking account of a crystallographic 
discovery (51, 129). Silver bromide contains some silver ions which are not 
situated at the regular lattice positions, but at interstitial places, and the ionic 
conductivity of silver bromide can be attributed to these interstitial ions. Gur¬ 
ney and Mott pointed out that such interstitial ions can be expected to appear 
more frequently in the vicinity of an irregularity in the crystal, such as is pro¬ 
duced by a silver sulfide speck. An effect of the sensitivity speck on the ions in 
its vicinity had, indeed, already been suggested in 1928 by Sheppard and Tri- 
velli (103a). An electron trapped at this speck will give it a negative charge and 
attract an interstitial silver ion from the neighborhood, which then should join 
the speck and form a silver atom. This process of alternate electron-trapping 
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and silver-ion attraction can be repeated, and the probability of growth should 
increase with the size of the speck. The part played by the sensitivity centers 
was very plausibly explained in this way. 

The Gurney-Mott mechanism regards latent-image formation as consisting of 
two different processes: the electron movement and silver-ion migration. The 
existence of two components in latent-image formation had previously been 
suggested by Webb (131), because of the fact that reciprocity-law failure at high 
intensities and at low intensities depends on temperature in an entirely different 
way. The Gurney-Mott mechanism not only sheds light on the temperature 
dependence of reciprocity-law failure but explains the phenomenon itself. 

The reciprocity law, formulated by Bunsen and Roscoe for photochemical re¬ 
actions, postulates that the rate should be proportional to the product of time 
and intensity of exposure and independent of the value of either separately. 
This law has been recognized as a natural corollary of the law of photochemical 
equivalence, and both laws are supposed to be valid for any primary photo¬ 
chemical process. The experimental rate of a photochemical reaction, however, 
includes the effect of subsequent processes which may change the functional 
dependence altogether. 

It was soon recognized that in photography the product of time and intensity 
is not sufficient to determine the effect of an exposure. This effect is relatively 
smaller at very high intensities as well as at low intensities. No satisfactory 
explanation of this failure of the photographic reaction to comply with the 
reciprocity law appeared until Gurney and Mott introduced the complex mech¬ 
anism of center formation. The explanation of reciprocity failure at low in¬ 
tensities assumes a thermal activation of the spontaneous disintegration of 
centers below a certain size (135, 138). This effect is expected to occur at low 
intensities and high temperatures and to decrease and finally to disappear with 
the lowering of the temperature—a result established experimentally. At very 
high intensities the migration rate of the silver ions will play a decisive part, 
since it will not be high enough to permit neutralization of the electrons in the 
traps as quickly as they arrive. As the temperature is lowered, the migration 
rate of the silver ions will be lowered, while the electron migration will not be 
affected. Thus, with decreasing temperature the high-intensity reciprocity 
failure will become evident already at lower intensities. The effect will become 
more and more pronounced until, at very low temperatures, the migration of ions 
will become negligible, with the result that no photographic effect is produced. 
Ample experimental support for the theoretical interpretation of the high- 
intensity reciprocity failure was furnished by Webb and Evans (134) and by 
Berg and Mendelssohn (5, 6). The former authors demonstrated that exposure 
at low temperatures can be made efficient if it is applied in short flashes alter¬ 
nated with dark periods at room temperature. In this way, sufficient time is 
provided for the migration of silver ions. 

D. Distribution of development centers 

There are two possible sequences of a center disintegration: a true reversal or 
the formation of one or more new centers. The Herschel effect, consisting in the 
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disintegration of centers by red or infrared radiation, results in a true reversal. 
Both developed silver and photolytic silver decrease in this case. Reciprocity- 
law failure, however, is not known to affect the amount of photolytic silver. This 
can be explained if new centers are formed which are not accessible to the 
developer. 

A developer not containing a solvent for silver bromide will be able to start 
development only at latent-image centers situated at the surface of the grains. 
The developer solutions usually contain sodium sulfite, which has some solvent 
action on silver bromide, and consequently penetrate slightly deeper into the 
grain at the start of development. Centers in the interior of the grains, however, 
will still be inaccessible and therefore useless for the start of chemical develop¬ 
ment. 

The existence of latent-image silver in the interior of the grains was suggested 
as early as 1894 by Kogelmann. Liippo-Cramer (64) concluded that interior 
nuclei are present from the fact that treatment with iodide can restore dcvelop- 
ability which has been destroyed by treatment with chromic acid. He inter¬ 
preted this as an exposure, by the solvent action of the iodide, of the interior 
nuclei, after the destruction of the external nuclei by chromic acid (18). This 
interpretation was supported, for concentrated iodide solution, by Sheppard, 
Wightman, and Trivelli (98, 99). Evidence for the relative distribution of 
centers between surface and interior, however, was collected only in recent years. 

Meidingcr (70) published extensive investigations on the distribution of 
photolytic silver. He found that increasing exposure favored the surface silver 
as against the silver in the interior. However, these results are not applicable to 
normal photographic conditions. The exposures needed for the analytical de¬ 
tection of photolytic silver are much greater than those used for photographic 
purposes. In addition, the silver bromide grains used in these investigations had 
several times the size of even the largest grains found in commercial emulsions, 
and had been prepared in the presence of inert gelatin. The same material was 
used by Kempf (52), who investigated the distribution of development centers at 
a single exposure level. The centers were found to be more numerous in the 
interior than at the surface. For very low exposures of photographic emulsions, 
however, Kornfeld (54) found the development centers to be almost entirely at 
the grain surface. Since at these low exposures the latent image can be expected 
to collect exclusively at the preformed sensitivity centers, this result indicates 
that nearly all the sensitivity centers are present at the surface of the grains. 
This, in turn, agrees with the fact that the production of sensitivity centers in 
after-ripening occurs when crystal growth is practically completed. With in¬ 
creasing exposure, new centers are created in the interior. At very high ex¬ 
posures, the ratio is reversed: practically all the centers are found in the interior. 
Berg, Marriage, and Stevens (7), in an extensive investigation on the dependence 
of surface centers and interior centers on temperature, intensity, and exposure 
time, established the fact that the density curve of the interior centers is less 
affected by temperature than that of the surface centers, that it shows no high- 
intensity reciprocity-law failure, and that the density increases in the solarization 
region. This latter result finally confirms the interpretation of solarization as a 
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result of the rebromination of the grain surface (139) and agrees with the increase 
of photolytic silver in the region of solarization (2). 

E. Limits of effectiveness for the centers 

Various attempts have been made to determine the number of silver atoms 
necessary to create a development center. This number should not be expected 
to have a fixed value, since the effectiveness of a center will depend upon orienta¬ 
tion, as was emphasized by Sheppard (106). An attempt can be made, however, 
to find the range of variation for the limiting number of silver atoms under vary¬ 
ing conditions. 

Reinders and Hamburger (84) and, later, Reinders and DeVries (85) deduced 
from their experiments the very small and constant limiting number of three to 
four or, respectively, four silver atoms. Their method was as follows: silver 
vapor was condensed on a glass plate in invisible minute quantities and then sub¬ 
mitted to physical development. In this way, they determined the minimum 
amount which, after development, could produce one or more silver specks. For 
this minimum amount, the probability was calculated for the silver being dis¬ 
tributed in groups of one, two, three, four, or more atoms. The number of silver 
specks found experimentally coincided with the calculated number of groups of 
four atoms. Apart from the fact, however, that these results apply only to 
physical development under conditions which differ from those for the develop¬ 
ment of photographic emulsions, it must be realized that the probability cal¬ 
culations rest upon the assumption that condensation of the silver atoms pro¬ 
ceeds without any interaction between the groups. It seems rather doubtful 
that this assumption is justified, in view of possible adlineation. 

The mathematical analysis of the characteristic curve (density plotted against 
logarithm of exposure) gave another method of approach to this problem. 
Svedberg (116, 116a) was the first to give a statistical evaluation of the surface 
area of the grains made just developable by a certain exposure. He showed that 
the dependence on the logarithm of the exposure found in the density curve could 
be approximated by this function. The assumptions necessary for this ap¬ 
proximation were studied thoroughly by various authors, especially Silberstein 
and deLanghe. Silberstein finally came to the conclusion (111, 112) that the 
shape of the experimental curves indicated that only a very small part of the 
absorbed quanta was put to effective use in the grains. He estimated the 
number of quanta utilized as less than three per grain. It was pointed out by 
Webb (136, 137, 140), however, that there is an alternative interpretation of the 
density curve. The very small numbers of utilized quanta must be assumed if no 
variation of sensitivity exists between the grains. With a very wide range of 
sensitivity, however, some of the grains must be assumed to utilize several 
thousand quanta in order to fit a curve of the desired shape. Webb succeeded in 
reproducing the density curves of many commercial emulsions by his method. 
He showed (142) that the number of quanta utilized per grain assumed for the 
various grain-classes is of the same order of magnitude as the number of ab¬ 
sorbed quanta per grain, as calculated from the experimental values of time and 
intensity of exposure, absorption coefficient, and size of grain. 
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In another attempt to get information on the number of quanta used in the 
formation of an effective development center, Webb (130, 132, 141) determined 
the critical frequency of intermittent exposure above which the developed den¬ 
sity corresponds to the average intensity of the intermittent light. At low 
frequencies of intermittent exposure, the density corresponds to the intensity 
of the flash period instead. The critical frequency thus indicates the rate of 
intervals necessary to produce the same reciprocity-law failure as the corre¬ 
sponding continuous exposure, and thus gives the rate of quanta accepted by 
the most effective development center. The time of exposure then gives the 
number of quanta used for the formation of the development center. With 
the emulsions employed, some grains required at least sixty-four, and probably 
more than one hundred, quanta for latent-image formation. 

By this method is obtained the number of quanta which actually takes part 
in the formation of a development center. However, possible losses by partial 
disintegration of the center make this number only an upper limit for the num¬ 
ber of silver atoms added to a center during exposure. It could be taken as 
an upper limit for the total number of silver atoms forming a development 
center only in grains which do not contain preexisting sensitivity centers. 

As yet another method of approach, the number of silver atoms which must 
be produced in order to insure developability of the grain by x-ray exposures 
can be calculated. Glocker and others pointed out that in the photochemistry 
of x-rays the primary process of absorption does not play a dominant part, 
as it does in the photochemistry of ultraviolet and visible rays. The very 
large quantum releases a number of electrons which is proportional to its energy 
content. Each of these secondary electrons can start a chemical reaction, and 
the rate of this reaction is thus proportional to the energy content of the x-ray 
quantum, or inversely proportional to its wave length. For the photolytic 
silver in the photographic plate, this relation was confirmed by Gunther and 
Tittel (27) between 0.245 A. and 1.54 A. The number of silver atoms per 
grain at 0.245 A. was about one thousand. Assuming that the inverse pro¬ 
portionality with the wave length can be extrapolated, one should expect about 
thirty-five silver atoms to be released at 7 A., and between five and six at 45 A. 
These figures can be used in connection with the investigations by Broili and 
Kiessig (11), by Miilbach (77) and by Hirsh, Jr. (32, 33). Broili and Kiessig 
took the numerical (instead of the logarithmic) density curves of four emul¬ 
sions. With x-rays these should be straight lines, indicating that every quan¬ 
tum absorbed makes a grain developable (26). Straight lines were, indeed, 
found with a radiation of 1.54 A., but not with 45 A., and Agfa Contrast emul¬ 
sion even showed quite clearly a sensitivity threshold for the longer wave 
length. Miilbach, on the other hand, found straight lines for 4 A. and 7 A. 
with his emulsions, and no sign of reciprocity-law failure. Hirsh found an 
inflection point by exposing Eastman IV-0 plates to radiation of 14 A. and even 
11 A. (His claim does not seem justified for 6 A.) These results seem to 
show that, with the emulsions investigated, every grain is made developable 
if thirty-five silver atoms are produced, while twenty-two are not sufficient 
and five still less. 
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Again it should be emphasized that these figures cannot give upper limits 
for the number of silver atoms present in a development center, since the varia¬ 
tion from emulsion to emulsion clearly indicates the participation of sensitivity 
centers with their unknown content of silver and silver sulfide. They could 
be regarded as lower limits only if the assumption were made that all the silver 
atoms formed by the x-ray quantum are collected in one center at the surface. 
In this connection, it ought to be mentioned that the unripened Lippmann 
emulsions do not give a straight-line curve, even with a-rays, as was shown 
by Blau and Wambacher (9). They calculated that a-rays should liberate 
more than two hundred silver atoms per grain along their path. 

II. THE DEVELOPING AGENTS 

The known developing agents are both large in number and diversified in 
chemical composition. The following outline is not intended as a compre¬ 
hensive listing of the agents known to possess developing power, but rather 
as an indication of the variation in chemical types encountered among even 
the more common developing agents. 

(A) Inorganic: ( 1 ) Metallic: various ferro- and molybdo-complex ions such 
as the oxalates and malonates, ammoniacal cuprous oxide, ferro-fluoride com¬ 
plex, and probably ferrous ion itself. (2) Non-metallic: hydroxylamine, hy¬ 
drogen peroxide, and sodium hydrosulfite. 

(B) Organic: (/) Aliphatic hydroxykctoncs: ascorbic acid (vitamin C). 
(2) Aliphatic aminoketones: l-phenyl-3-methyl-4-amino-5-pyrazolone. (5) 
Aromatic compounds obeying the Andresen-Lumikre rules, i.e., compounds 
possessing at least two hydroxyl or two amino groups, or one of each, in the 
ortho or para position on a single aromatic nucleus. The amino groups can 
be substituted, but the hydroxyl groups cannot. The number of such com¬ 
pounds is very large. Included are such relatively simple representatives as 
hydroquinone, p-aminophenol and p-phenylenediamine, and such complex 
structures as hematoxylin and brasilin. The number of active groups may 
at times extend to the limit. Thus, 1,2,4,5-tetrahydroxy-3,6-diaminobenzene 
is a usable developer in somewhat acid solution. Not all compounds con¬ 
forming to the Andresen-Lumifcre rules are developers, as, for example, dicyano- 
hydroquinone. (4) A very limited number of aromatic compounds containing 
hydroxyl or hydroxyl and amino groups in the meta positions are usable de¬ 
velopers, e.g., trioxymesitylene. (5) Some aromatic compounds containing 
not more than one hydroxyl or amino group on any nucleus are developers 
in sufficiently alkaline solution, e.g., hydrocoerulignone and 1-naphthol. 

The developing agents must be capable of reducing silver halides to metallic 
silver, but this is not a sufficient condition. It was pointed out at the beginning 
of this article that the developing agent must reduce the exposed silver halide 
grains at a substantially greater rate than the unexposed grains. Some re¬ 
ducing agents, such as sodium stannite, do not fulfill this condition and there¬ 
fore are not developing agents. 

The theory of the development process is concerned essentially with the 
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reason for the selective reduction of the exposed grains. Before considering 
the reaction of the developer with the complex photographic emulsion, however, 
it is desirable to treat the reactions of the developing agents under less com¬ 
plicated initial conditions. 


A . Oxygen oxidation 

Most of the organic developing agents belong to types which can form scmi- 
quinones as oxidation intermediates (71, 72). Durohydroquinone, for example, 
is oxidized to duroquinone by way of the radical durosemiquinone (73). The 
percentage of the radical in equilibrium with the fully oxidized and fully 
reduced forms increases markedly with the alkalinity of the solution. At 
pH = 8.71 the concentration of durosemiquinone in a solution of partially 
oxidized durohydroquinone is too small to be detected potentiometricalljA 
However, it has an important bearing on the mechanism of oxygen oxidation 
of the durohydroquinone in this pH region, since the reaction is markedly 
catalyzed by the presence of the quinone. The kinetics of this catalytic process 
suggest that the oxygen mainly attacks the semiquinone which is formed by 
the interaction of the durohydroquinone and duroquinone (38). The rate of 
this reaction is proportional to the concentrations of duroquinone and divalent 
durohydroquinonate ion and is independent of the oxygen concentration. The 
rate-controlling reaction, therefore, appears to be: 
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The kinetics of the catalyzed oxygen oxidation of trimethyl hydroquinone 
(^-cumohydroquinone) are identical with those of durohydroquinone at very 
low ^-cumoquinone concentrations. With increasing concentration of the 
quinone, the reaction rate in this case becomes increasingly independent of it, 
and, at the same time, a dependence upon the oxygen concentration appears. 
In order to explain these results, Kornfeld and Weissberger (53) assumed the 
interaction of the semiquinone not only with oxygen but with the quinone 
as well. 

The oxygen oxidation of the lower methylated hydroquinones and of hydro¬ 
quinone itself is independent of added quinone, and the rate varies as the first 
power of the oxygen concentration (39). One is tempted to assume, for these 
reactions, that the region in which the reaction rate becomes independent of 
the quinone concentration is reached at very small concentrations. Qualita¬ 
tively, the inhibitory action of sodium sulfite and certain thiol compounds 
could then be explained by their power to react with quinone, thus reducing 
the concentration of the latter below the critical value for maximum catalytic 
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action. However, the fact that a linear relationship exists between the reac¬ 
tion rate and the reciprocal of the sulfite concentration does not agree with 
this simple explanation (40). 

It appears quite possible that a chain mechanism of some sort is operative 
in the oxygen oxidation of hydroquinone and at least its lower homologues. 
The radical H0 2 , which was assumed to play no kinetically significant r61e in 
the simple quinone catalysis mechanism proposed, may actually be of im¬ 
portance as a chain-carrying intermediate. Gee has used this radical in the 
mechanism which he suggests for the oxidation of hydroquinone (25), but his 
mechanism does not include the important r61e of the semiquinone. Chain 
reactions in similar oxidations have been proposed by Branch and Joslyn (cate¬ 
chol) (10) and by Haber and Willstatter (enzyme-catalyzed oxidation of pyro- 
gallol) (29), but neither mechanism is satisfactory for the oxidation of the 
hydroquinone series. 


B. Reduction of silver salts 

There is evidence for a quinone catalysis in the reduction of silver ions by 
hydroquinone and durohydroquinone (49). A catalysis by the silver formed 
in the process is, however, far more important. 

A pronounced silver catalysis is observed in the reduction of silver ions by 
hydroquinone, both in acid and in slightly alkaline solution (41, 49, 59). In 
the slightly acid region, where the catalyzed reaction is most amenable to quan¬ 
titative study, the dependence of rate upon hydroxyl-ion concentration in¬ 
dicates that both non-ionized hydroquinone and the univalent ion take part 
in the reaction (pH range 5.15 to 6.27). The rate varies as the first power of 
the hydroquinone concentration and as about the two-thirds power of the silver- 
ion concentration. The latter fact suggests adsorption of the silver ions to 
the metallic silver. Direct experimental confirmation of such adsorption is 
obtainable from other sources (22, 81, 126). Veselovsky, who was careful to 
work with oxide-free silver surfaces, found that adsorption begins at a silver- 
ion concentration of 1 X 10~ 13 . In the presence of oxide, the null point occurs 
at a much greater silver-ion concentration, but in the silver catalysis con¬ 
sidered here a freshly reduced silver surface is assured. 

The kinetics of the reduction of silver ions by hydroquinone supply no evi¬ 
dence for the adsorption of hydroquinone to silver. Direct experimental de¬ 
terminations show that such adsorption, if it occurs at all, is very small (109). 
Earlier work by Rabinovitch and Pcissachovitch (82) must be discounted be¬ 
cause of errors in technique. Their procedure was to mix a silver sol with 
hydroquinone and to determine the concentration of the latter before and after 
ultrafiltration. Actually, much of the original hydroquinone used escaped 
analytical detection even before ultrafiltration, owing to oxidation, and no ade¬ 
quate correction was made for oxidation occurring during the ultrafiltration. 
In the procedure employed by Perry, Ballard, and Sheppard, oxygen and free 
silver ion were eliminated as far as possible, and all but 0.44 per cent of the 
hydroquinone used initial 1 }’ was accounted for in the filtrate (pH = 9.0). This 
they consider to be within experimental error. 



MECHANISM OF PHOTOGRAPHIC DEVELOPMENT 


13 


The reduction of silver ions by hydroquinone has also been studied in the 
pH range 8.6 to 9.0, using the soluble sulfite complex as a source of silver ions. 
The reaction mechanism indicated is the same as in the lower pH region, ex¬ 
cept that an additional complication arises as a result of quinone catalysis. 
Principally, the univalent hydroquinone ion is involved in the silver-catalyzed 
reaction, but the quinone catalysis very probably involves the divalent ion. 

A detailed study of the kinetics of reduction of pure silver halide by hydro¬ 
quinone should prove of great value to the understanding of photographic 
development. The experimental difficulties, however, are great. An elaborate 
attempt to carry out such a program was made by Luther and Leubner (65), 
but the results were largely disappointing. They employed freshly precipi¬ 
tated silver bromide containing an excess of potassium bromide amounting to 
0.0247 mole per liter. The work was well planned, but an adequate experi¬ 
mental procedure was lacking, and little of value can be deduced from the 
scanty data which they were able to accumulate. 

Ilydroxylamine is by far the most useful developing agent for a general 
kinetic study of the reduction of silver salts. This agent has the advantage 
that, over a fairly wide range of experimental conditions, it reacts almost quan¬ 
titatively to give silver and nitrogen as reaction products. The nitrogen can 
be readily determined volumetrically without interfering with the reaction. 

The reduction of silver nitrate in solution has been studied by this method 
over the pH range 3.7 to 4.45 (42). Reaction is detected only after a relatively 
long induction period. Beyond this, an S-shaped reaction curve is obtained. 
The induction period is considerably shortened by the addition to the reaction 
mixture of a nuclear gold sol, and results can be satisfactorily duplicated. The 
reaction curve is the same, whether it is based on measurement of nitrogen 
or on direct determination of silver (figure 2). 

Addition of a silver sol to the reaction mixture at the start practically elimi¬ 
nates the induction period (i.e., the period in which no measured reduction 
occurs). The rate of the silver-catalyzed reduction varies approximately as 
the two-thirds power of the silver-ion concentration, in precise agreement with 
the relation found for the hydroquinone reaction. The dependence of the rate 
upon the hydroxylaminc concentration decreased as the pH increased and also 
as the hydroxylaminc concentration increased. The dependence of the rate 
upon pH indicated clearly that the ion, NH 2 0~, is the active species, and the 
variation of rate with concentration of this ion indicates adsorption of the ion 
to the silver. This latter is in contrast to the hydroquinone mechanism. 

Kinetic studies on the reduction of the soluble silver sulfite complex at pH = 
8.54 show that the mechanism is essentially the same as for silver nitrate. The 
undissociated complex itself is not attacked to any detectable extent. The 
silver-ion concentration supplied by the complex is of the order of 10~ 9 , which 
is comparable with that which silver chloride could supply during development 
in the presence of 0.1 M excess chloride. 

The reduction of silver chloride, precipitated in the presence of excess chloride 
ion, yielded the typical S-shaped reaction curve in the region studied (pH 
7.0 to 7.5) (45, 46). The initial reaction rate varied directly with the hydroxyl- 
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amine concentration and inversely with the chloride-ion concentration when 
the latter was relatively large. The rate varied approximately with the amount 
of available surface, and this relation held whether the surface w r as changed 
by aging or by partial coverage with a strongly adsorbed cyanine dye, such 
as 3,3'-diethyl-9-methylthiacarbocyanine. Addition of gelatin to the precipi¬ 
tate caused the reaction rate to drop sharply as the amount of gelatin increased, 
until a minimum rate was attained (figure 3). Further addition of gelatin 
had no measurable effect. Evidence from other sources shows that gelatin is 
rather strongly adsorbed to the halide (107), but probably not so strongly as 
the cyanine dye just mentioned. 

The effects of gelatin and of the cyanine dyes supply important evidence 
concerning the site of the reaction. The dyes exert scarcely any effect upon 
the reduction of silver ions from sulfite solution at the same pH. Gelatin 
decreases the rate of the latter reaction, but the relative effect is much smaller 
than in the case of silver chloride, and a minimum rate is not attained even 
at fairly high gelatin concentrations. Indeed, the entire kinetic aspect is differ¬ 
ent in the reduction of silver ions from solution, showing that the attack on 
the silver chloride occurs on the solid phase. The fact that the reaction rate 
varies directly with the amount of available surface as more and more of the 
surface is covered by the dye suggests that the dye is uniformly and non-selec- 
tively adsorbed to the surface. This is in contrast to the reduction of mer¬ 
curous chloride, where the greatest effect is observed during coverage of the 
first 10 per cent of the surface by the dye (50), a result which suggests that 
the active reaction centers selectively adsorb the dye. 

Exposure of the silver chloride precipitate to white light, or nucleation by 
other means, largely eliminates the induction period. This effect, together 
with the regression which occurs when sufficient time elapses between exposure 
and reduction, is illustrated in figure 4. The rate of reduction of the nucleated 
precipitate varies with the 0.8 power of the hydroxylamine concentration. The 
temperature coefficient of the catalyzed reaction is substantially smaller than 
that of the initial reaction in the unnucleated precipitates. This is shown by 
the data in table 1. In this table, Ri is the rate of the initial reaction of the 
pure precipitate in terms of the reciprocal of the induction period; R c is a meas¬ 
ure of the rate of the silver-catalyzed reaction beyond the induction period; 
and R is the rate of the reaction in the nucleated precipitates in terms of cubic 
centimeters of nitrogen per minute. All values represent the average of trip¬ 
licate runs. 

The reduction of silver salts by hydrazine presents some points of similarity 
to the action of hydroxylamine, but also some important points of difference. 
The reduction of the soluble silver sulfite complex (47) and of the soluble am¬ 
monia complex (37) are both strongly catalyzed by colloidal silver. The re¬ 
duction of silver chloride by hydrazine shows a definite induction period which, 
in some cases, is relatively large. However, in contrast to the hydroxylamine 
reduction, exposure of the precipitate to white light has only a slight effect 
upon the induction period or upon the subsequent course of the reaction. Nu- 
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cleation of the precipitate by the action of hydroxylamine decreases the in¬ 
duction period without eliminating it and produces little or no effect upon the 
subsequent course of the reaction. Addition of the dye 3,3'-diethyl-9-methyl- 
thiacarbocyanine produces no effect until the surface of the precipitate is more 



Fig. 4. Effect of age of exposure on reduction of silver chloride by hydroxylamine. 
Curve A, no exposure; curve B, exposure 17 hr. old; curve C, exposure 6 hr. old; curve D, 
exposure 2 hr. old; curve E, exposure 20 min. old. 
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than half covered. Further increase in the amount of dye added produces an 
irregular decrease in the reaction rate which is completely atypical of the hy¬ 
droxylamine reaction. Gelatin decreases the reaction rate, but to a smaller 
extent than in the case of hydroxylamine, and a minimum rate is not attained. 
The data point to a mechanism involving the catalyzed reduction of silver 
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ions from solution, a conclusion which is further supported by the effect of 
excess chloride ion upon the reaction rate. 

The essential difference between the reduction of silver chloride by hydroxyl- 
amine and by hydrazine thus appears to be the following: reaction by the former 
agent involves direct attack upon the solid; reaction by the latter agent involves 
a preliminary solution of the silver chloride. Hydrazine is known to form 
complexes with the silver halides which are similar to the ammonia complexes, 
except that they are much less stable and decompose into nitrogen and silver 
at moderate temperatures (24). It is quite possible that the solvent action 
of the hydrazine plays an important part in determining the difference in action 
between this agent and hydroxylamine. 

The comparative behavior of hydroxylamine and hydrazine in the reduction 
of silver chloride becomes quite suggestive when it is remembered that hy¬ 
droxylamine is a rather clean-working developing agent, yielding good image 
development and reasonably low fog, whereas hydrazine yields an uneven image 
development and high fog. We can proceed a step further in comparisons 
and consider the action of sodium sulfite. This compound reduces silver ions, 
and the reaction is markedly catalyzed by colloidal silver, but the compound 
has a strong solvent action on silver chloride and bromide and it fails com¬ 
pletely to develop an image. The silver catalysis is clearly in evidence in the 
reaction which occurs in a solution of the complex containing an excess of sul¬ 
fite (48, 94) and the kinetics show that the silver ion, rather than the undis¬ 
sociated complex, is involved. Silver catalysis has also been observed in the 
reduction of silver bromide by sodium sulfite (13). The rate of even the cata¬ 
lyzed reaction is quite small at room temperature, however. The temperatures 
employed in the studies mentioned ranged from 50°C. to 88°C. Normal photo¬ 
graphic emulsions become “fixed out” in the sulfite solution before much re¬ 
duction is in evidence at room temperature. At higher temperatures, the 
silver formed is largely colloidally dispersed in the solution, and no image de¬ 
velopment is obtained. 

Not all reductions of silver salts are characterized by autocatalysis. Fisch- 
beck and Schnaidt (23) found that the reduction of single crystals of silver 
chloride by gaseous hydrogen proceeded without an induction period and with¬ 
out influence by reaction products. The reaction velocity was proportional 
to the silver chloride surface. The heat of reaction is about 9.6 keal. The 
activation energy obtained for the reduction of silver chloride solidified from 
a melt was 61.0 keal., numerically equal to the heat of dissociation of the salt 
(61.2 keal.). However, precipitated silver chloride yielded the much lower 
value of 20.7 keal. 

Furoin and desylamine reduce silver ions in solution without evidence of 
silver catalysis (48). The reaction here appears to involve the enolization of 
the reducing agent as the rate-controlling process. The reaction is largely 
independent of the silver-ion concentration, and the rate is the same as that 
of reaction with oxygen. Sodium stannite is a very vigorous reducing agent, 
and the rate of reduction of most silver salts by this agent is very high. The 
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only reaction of this agent in which silver catalysis has been detected is the 
reduction of the very slightly dissociated soluble silver iodide complex, where 
reaction probably involves the complex itself and not the silver ions. No 
silver catalysis is observed in the reduction of the silver thiosulfate complex, 
where reaction definitely involves the undissociated complex ion. 

C. Development of the photographic emulsion 

Two methods of approach which have been applied with some success to 
the solution of the mechanism of development in the photographic emulsion 
itself depend upon microscopic observations of the partially developed or de¬ 
veloping grains and upon a study of the over-all kinetics of the process. We 
shall consider the results obtained by each method in turn. 

It was pointed out in section I that development starts from latent-image 
centers and proceeds until eventually the entire grain is reduced. A hydro- 
quinone developer containing only a small amount of sodium sulfite will effect 
the reduction of a pure silver bromide grain in a quite orderly fashion so far 
as the optical microscope reveals, and the silver particle remaining at the end 
of the process is a fairly good pseudomorph of the original grain (62). On the 
other hand, some of the more energetic developers such as Elon produce con¬ 
siderable distortion in the shape of the grain. During the development process, 
the grain as a whole appears to be constantly vibrating, and threadlike pro¬ 
tuberances are thrown out. The mass of silver remaining at the end of the re¬ 
duction bears little resemblance to the original (123). 

Scheffer, in one of the earliest microscopic investigations of partially de¬ 
veloped grains, observed the presence of fine filaments of silver jutting out from 
the surface of the grain (86). Some were so fine as to be barely visible at 2000 
X magnification. Subsequent workers failed to obtain the striking display of 
fine filaments which Scheffer observed. The photolytic reaction proceeding 
under the influence of the very intense radiation applied has to be considered 
in his case. However, a formally similar phenomenon has recently been ob¬ 
served in photographs taken through the electron microscope. 

Hall and Schoen (30) observed a seaweedlike mass of filaments formed when 
silver bromide grains were developed on the electron microscope object holder 
(20,000 to 50,000 X magnification). Grains developed on a photographic plate 
were not the same in general appearance, but, when completely developed, 
showed a filamentary structure only around the edges. The major portion of 
the grain was completely opaque. Similar observations were made by von 
Ardenne (1). Figure 5 shows an electron micrograph of a silver bromide crystal 
which was developed for a very short time, after which the unreduced silver 
bromide was dissolved out in sodium thiosulfate solution. A faint outline can 
be seen in the background where the original crystal has left its trace in the 
gelatin. A number of dots can be observed where development has just started. 
In the larger areas of silver, development has proceeded much farther and has 
extended rather irregularly over the crystal surface. 

The filament phenomenon is not observed with physical development in which 
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the grain is first dissolved and tin* latent image' then developed by means of a 
silver-producing solution (silver salt and suitable reducing agent). The reduced 
silver in this ease is observed only in the form of regular clumps. 

Kinetic studies on the reduction of individual silver halide grains are difficult 
experimentally, and the data available from direct observation are quite limited. 
Steifon has made a series of photomicrographs of the progress of development 
by hydroquinone of very large (0 to S microns) insensitive silver bromide grains, 
and from these has determined the rate of reduction of the individual grain (S3). 
In these photographs, the silver area spread over tin* surface of the grain in a 
regular fashion, and t Ik* length of tin* radius of tin* silver area increased linearly 



Fie.. 5. i:illy developed silver bromide crystal, Pndcvelopcd portion dissolved out 
(Ifall and Sclioen). 

with the time of development. Thus, the rate of miction was proportional to 
the visible interface between silver and silver bromide. 

Previously, Meidinger had made microscopic observations on the development 
of large silver bromide grains prepared in the same way as those employed by 
Steifon. Meidinger used a heavily hromided Klon hydroquinone developer, 
and collected the following data: (/) tin* number of grains which had begun to 
develop after a determined time; ( 3 ) the number of completely developed grains; 
( 3 ) the mean time elapsing between the first, trace of development, detected under 
the microscope* and the complete reduction of the* grain (08, 00). The* time* 
elapsing between the beginning of penetration of the developer into the layer 
and the first detected trace of development (the initiation period) decreased 
with increasing illumination until the solarization region was reached. The 
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rate of development beyond the initiation period, however, was independent 
of the amount of exposure. At the lower bromide concentrations employed, the 
rate of initiation decreased much more 4 sharply with increasing bromide-ion con¬ 
centration than the rate of development beyond the initiation period. Aleidin- 
ger concludes that the velocity of development is made up of two components: 
The first depends essentially upon the probability of initiation of development 
in the crystal, and is dependent upon the exposure. The second is the rate of 
reduction of the crystal once reaction starts and is independent of the exposure. 

It is unnecessary to assume that Meidiuger’s two components require two 
distinct reaction mechanisms. The observed dependence of the* initiation period 
upon exposure and bromide-ion concentration an* well accounted for by an effect 
which the electric charge on the silver bromide* grain has upon the rate* of de¬ 
velopment. This effect is particularly evident in the* early stage* e>f the* re*ae*tiem. 

The* le>we*r portion of the* density time* of development curve* will be* e*one*ave, 
approximately straight, or e*e>nvex, depending upon se*ve*ral fae'tors. Kxperi- 
ments e*e)ve*ring the* action of fourteen developing agents belonging te> se*ve*ral 
chemical tvpe*s and e*mple>ve*el uneler simplilie*d conditions she>we*el that a close* 
e*e)ire*latie)n e*xists between the* shape* of the* lower portion of the* e*urve* anel the* 
charge on the effective developing aqent ( Hi), The* charge* on the* age*nts employed 
varie*d from 0 for e*e*rtain me*mbe*rs of tlie* /j-phenyleir*dinminc group te> — 
for soelium hyelre>quinone*me>ne>sulfe>nate*. Kacli charge'-group yie*lele*el its own 
particular type* of curve* (figure* f>), irre*s|)(*ctive* of considerable* elive*rsitv in the* 
chemical nature* of the* constituents. 

(Vrtain surface*-active* age*nts whie*h re'duce* the e*ffe*e*tive* charge* on the* silve*r 
haliele* grains, such as phcnosnfrnninc and thallous ion, markedly ine*re*ase* the* 
rate* e>f development by me*mbe*rs e»f group —2 or -3, but have* only a slight 
e*ITe*e*t upon ele*ve*lopme*nt by me*mbe*rs e>f group — 1 and none* whatsoe*ve*r upe>n 
group 0. A similar observation applie*s to Luppn-(Vainer’s ne*utra 1-salt e*f- 
fe*e*t m). 

Fhe* e'lmrge* e*ffe*et has be*en e*\plaine*el as follows: The* re*pe*lling force* e*xe*rte*el 
upon an approaching ele*ve*lope*r ion by the* negative* e'lmrge* e)f the* aelsorbe*el 
halide* layer will be* pre>portie>nal te) the* charge of the* ion itse*lf. Only a fractiem 
e>f the* ne*gative*ly e*harge*el ions will posse*ss sufficient kine*tic e*ne*rgy te> e)ve*re*e)im* 
this repulsion, anel the* pe*re*e*ntagc will ele*e*re*ase* rapidly as the* e*harge* incre*ase*s. 
r The>st* ie>ns whie*h, by virtue* e>f tlu*ir e*xe*e*ss kinetic e*ne*rgy, appre)ach e*le>sely 
enough te> the* latc*nt-image* e*e*ntc*rs anel which, in addition, posse*ss sufficient 
activation e*ne»rgy will re*ae*t te> pre>elue*e* me*tallie* silve*r. As the* silver spe*e*k grows 
in size*, the* pre>te*ctive layer bce*e>mes mem* and me)re* disrupte*el in this region. 
The* re*sulting ele*cre*ase* in e'lmrge permits an inercase in the* e*ffe*e*tive* e*eme*e*ntra- 
tie>n e>f the* ele*ve*le)ping age*nt at the* reactiem ze>ne*, anel he*ne*e* an ine*re*ase in the 
re*actie)n rate. 'The greate*r the charge* e>f the* developing ie>n, the greater will be 
the relative* incre*ase. 

The effe*e*t ele*se*ribe*el will be* pronounced only in the e*arly stages of ek*vele)pment 
e>f the individual silver haliele* grains, anel will probably elisappear befem* the 
silver spe*ck becomes very large. As c*xpe*cte*el, incivase in tlie* concentration of 
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excess bromide ion has a greater effect upon the induction period of the charged 
developers than upon the subsequent reduction rate, in line with Meidinger’s 
observations, and the greater the charge on the developing agent, the greater 
is the relative effect upon the induction period. 

The autoaccelerating effect just described is quite distinct from the catalytic 
autoaccelerating action of silver produced during development. The effect 
of the increased silver interface becomes evident in development by such un¬ 
charged agents as diaminodurene, if the amount of silver formed is plotted 
against the time of development. Generally, the optical density is taken as a 



LOG EXPOSURE. « 1.45 

Fig. 6 . Effect of charge of reducing agent upon shape of development curve. X, hydro- 
quinone; A, p-aminophenol; #, diaminodurene; O, sodium hydroquinonemonosulfonate. 

measure of the amount of silver, with the implication of a linear dependence. 
This proportionality, however, does not always hold (c/. footnote 2). Under 
the conditions employed in the preceding work on the shape of the development 
curve, the relationship 

log Ag = 1.5 log D + Constant 

held good to fair approximation for constant exposure. When density is plotted 
against time, this non-linear relation between silver and density obscures the 
increase in reaction rate with increasing size of the silver-silver halide interface 
during the early stages of development. 

Kinetic studies of the development of a simple commercial emulsion by hydro- 
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quinone have been carried out under specially simplified development condi¬ 
tions (44). The emulsion was a thin, unsensitized, pure bromide material 
of fairly uniform grain size. The developer solutions contained only the reducing 
agent and buffer and were used in the absence of oxygen. In the pH range 
employed (8.0 to 8.9) the development rate was sufficiently low to minimize 
diffusion effects. Analysis of the data showed that the rate of development 
throughout the entire course varied quite accurately as the 0.55 power of the 
concentration of the divalent ion C 6 H 4 02 . The same variation was obtained 

when small amounts of sodium sulfite were added to the hydroquinone solution, 
even though the sulfite reduced the actual rate of development severalfold. 
The oxidation product, quinone, when added to the sulfite-free developer at the 
start of the reaction produced an increase in rate, supporting Staude’s earlier 
observation of the accelerating effect of oxidation products (113, 114). The 
probable reason for the retarding effect of sulfite lies in its ability to react rapidly 
with quinone, forming the soluble hydroquinonemonosulfonate. 

The unique dependence of the development rate upon the concentration of 
the divalent ion, rather than upon the non-ionized hydroquinone or the univalent 
ion, supports the suggestion of Sheppard and Mees that the active developing agent 
is the divalont ion (93). The occurrence of this ion to the one-half power in 
the kinetic expression is evidence that the ion becomes adsorbed prior to reaction. 
The site of the adsorption must be deduced from other evidence. Rabinovitch 
has suggested that the adsorption is to the silver, but the experimental evidence 
available does not support this assumption (109). A direct investigation of 
adsorption to silver bromide in alkaline solution is not feasible because of the 
chemical reaction which occurs. Wulff and Seidl, however, demonstrated that 
resorcinol is adsorbed from alkaline solution by silver bromide (152), and argued 
by analogy that hydroquinone likewise would be adsorbed. Sheppard and 
Meyer had suggested earlier that the first step in development is the adsorption 
of the reducing agent to the silver halide, forming a complex between the 
silver ions and the developing agent (95). 

The importance of the accelerating action of oxidation products in the de¬ 
velopment process has been strongly emphasized by Staude and other workers 
in Luther’s laboratory. Staude has even suggested that development would 
not take place at all in the complete absence of the oxidation product, and states 
that a reducing agent is a photographic developer “if it can form with its next 
oxidation product an addition compound which needs to be stable only in the 
solid phase or adsorbed to an interface, respectively’’ (115). However, the 
maximum accelerating effect which Staude observed was obtained with hydro¬ 
quinone and amounted to only sixfold. In some cases, such as development by 
Elon or p-aminophenol, the oxidation product produces an acceleration only at 
the very start of development and retards the subsequent reduction (43). No 
acceleration at all has been observed with the p-phenylenediamine developers. 
On the contrary, agents which combine with the oxidation products in this case 
markedly increase the rate of development throughout the entire range. 
Staude’s generalized definition obviously fails to account for this fact and for 
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the developing power of hydroxylamine, whose oxidation product is nitrogen. 
Furthermore, addition products of the type he suggests are very improbable in 
a number of other cases, such as those of ferro-oxalate, ascorbic acid, and di- 
aminodurene. 


III. THE MECHANISM OF DEVELOPMENT 

There has been a tendency in photographic theory to treat development as 
a unique phenomenon. Actually, there is ample evidence to link development 
to a whole series of reactions which proceed at an interface between reactant 
and product. The thermal decomposition of silver oxalate and the reduction 
of cupric oxide by hydrogen are well-known examples of such reactions. The 
general significance of the interface was first recognized by Langmuir (58). 

The original explanation of the action of photographic developers is the classic 
Ostwald-Abegg supersaturation mechanism, which is now of no more than his¬ 
torical importance. A development hypothesis centered upon one particular 
aspect of the process, the electric charge effect, was proposed by Schwarz and 
Urbach. The excess halide ions adsorbed to the grains in the normal emulsion 
form a protective layer which will resist the approach of negatively charged 
developer ions. Schwarz and Urbach assumed that absorption of light by the 
silver halide grains resulted in the ejection of electrons from the surface halide 
ions into the interior of the grain, where they were caught by silver ions (89, 90, 
91). The latent image was in this way identified with a loss of negative charge, 
regardless of the formation of silver specks. This extreme position was later 
abandoned, and the silver specks at the surface were regarded as responsible 
for the break or weakening of the protective charge (57). This hypothesis was 
employed with considerable success to explain certain development effects, such 
as the accelerating action of a few surface-active agents and the neutral-salt 
effect (60, 61), although some strongly adsorbed dyes, such as erythrosine and 
pinaflavol, showed the opposite of the effect expected (124). 

As a general explanation of development, however, the surface charge mecha¬ 
nism cannot be accepted. If the selective rate between exposed and unexposed 
grains results from the charge effect, the indiscriminate reduction of silver 
bromide grains by the negatively charged stannite ion remains unexplained. 
Equally unexplained is the fact that certain acid emulsions containing excess 
silver ion, rather than halide, may be developed by conventional agents (12). 
If a negative charge layer exists at all in this case, which is doubtful, it must 
be very weak and could not afford the required protection. The most serious 
objection to the proposed mechanism is the existence of a whole series of de¬ 
veloping agents, the substituted p-phenylenediamines, which must be considered 
to act as neutral molecules. Acid ionization of aromatic amines, when it has 
been measured at all, is too slight to be of kinetic significance. For example, 
the dissociation constants indicated for aniline and p-toluidine are of the order 
of 10“ 27 (66). The rate of development by the substituted p-phenylenediamines 
increases with increasing pH, but not in the manner expected for an ionization 
effect. Thus, the rate of development by diaminodurene is scarcely doubled 
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by an increase in pH from 9 to 11. Many of these agents are good developers, 
and electron micrographs of the developed grains reveal the same general struc¬ 
ture as that obtained with the charged developers. Physical development, which 
is so prominent in the action of p-phenylenediamine itself, does not play a sig¬ 
nificant part with these substituted agents. 

The experimental data on the photographic induction period in development, 
discussed in a preceding section, enables us to consider the r61e of the protective 
charge layer in its true perspective. The effect of the charge upon the kinetics 
of the reduction is apparently a purely secondary one, in contrast to the primary 
catalytic effect of the silver nuclei. The charge effect can be detected with 
the singly charged developing agents, but it only becomes of real significance 
as a contributory cause of the difference in the rate of reduction of exposed and 
unexposed grains when the charge is 2 or greater. However, a double negative 
charge does not guarantee developing action, for stannite ion is completely non- 
selective. 

Another special aspect of development was generalized by Staude, who as¬ 
sumed that the oxidation products of the developing agents were responsible for 
the developing action. This hypothesis, which is quite inadequate, was con¬ 
sidered in the preceding section. 

Still another special hypothesis was proposed by Gurney and Mott, in an 
attempt to apply their well-supported mechanism of latent-image formation to 
the development reaction (28, 75, 76). According to this mechanism, “the 
molecules of the developer hand over electrons to the metallic silver speck, and 
raise its potential relative to that of the halide grain. The interstitial silver ions 
which are present in the halide are then attracted to the silver speck; they will 
move up to it and adhere to it. Of course, as fast as the (interstitial) silver ions 
in the grain are used up, new ones are formed. The halogen escapes from the 
surface of the crystal, and not from the metal-compound interface. Interstitial 
ions, which may have come from quite distant parts of the crystal, flow through 
the crystal and join the metal at the interface. ,, 

If true, this extension would give a beautifully unified theory of latent-image 
formation and development. Unfortunately, there are serious objections. 
Inherent in the theory itself is the difficulty of providing a mechanism whereby 
the excess bromide ions can escape from the crystal. There is no experimental 
evidence that bromide ions can migrate through the crystal even at temperatures 
considerably higher than those normally employed in development. Theoretical 
calculations (35) show that the activation energy required for the migration of 
a bromide ion is at least five times greater than that required for the silver ion, 
and the activation energy of formation of the interstitial bromide ion is more 
than three times greater than that of the silver ion. 

Moreover, the expected correlation between conductivity and development 
kinetics is completely lacking. According to this hypothesis, the rate of de¬ 
velopment should be a simple function of the number and mobility of the inter¬ 
stitial silver ions. Experimentally, this is not the case. The concentration 
of interstitial silver ions decreases in the series Agl > AgBr > AgCl, yet the 
development rate generally increases in this series. 
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The amount of current passing through the silver bromide crystal is propor¬ 
tional to the applied potential. However, no simple relationship exists between 
the rate of development and the redox potential of the developer. Even among 
the iron developers, where the redox potentials are well defined, it is observed, 
for example, that a ferro-citrate solution develops at a much smaller rate than a 
ferro-malonate solution of identical redox potential (8, 110). With hydro- 
quinone, an increase in A E may even produce a decrease in the development 
rate (44). 

Furthermore, the temperature coefficient of development is a function of 
the developer, not the silver halide, and the coefficient is usually much smaller 
than that of electrical conductivity. Dyes adsorbed to the silver halide surface 
should not affect the mobility of internal interstitial silver ions, yet they may 
reduce the rate of development by 100- to 1000-fold. Finally, it has been shown 
that the kinetics of reduction of mercurous chloride are formally very similar 
to those of silver chloride, although the Gumey-Mott mechanism is impossible 
in the former case (50). 

Piper, in 1908, suggested (80) that development is an “action of a catalytic 
nature, the latent image being the catalyzer.” Sheppard (94) pointed out that 
colloidal silver markedly accelerates the formation of silver in a silver nitrate- 
sodium sulfite solution and suggested that the latent-image silver facilitates the 
decomposition of an adsorption complex formed between the developer and 
silver ions. This hypothesis was amplified by Sheppard and Meyer in the 
following year (95). Volmer showed that the oxygen oxidation of several de¬ 
veloping agents is accelerated by colloidal silver, and likewise suggested a cat¬ 
alyzing action of silver in development (127, 128). However, at least in the 
case of hydroquinone, it appears that adsorption of oxygen to the silver is re¬ 
sponsible for the effect Volmer observed, rather than any activation of the 
developing agent ( cf . 3, 4). Rabinovitch suggested adsorption of the developing 
agent to silver as the basis for the catalysis in development. His data have been 
considered in a preceding section and shown to be inadequate. It is possible 
that adsorption of developing agent to silver plays a kinetic r61e in some cases, 
such as that of hydroxylamine, but experimental results with hydroquinone show 
that it cannot be considered the fundamental reason for development. 

The real key to the fundamental mechanism of development probably lies in 
a suggestion made by Sheppard in 1929: “The importance of a suitable nucleus, 
e.g., silver or silver sulfide . .. becomes twofold. On the one hand, its interface 
with the silver halide provides the necessary ionic deformation for reactivity; 
on the other hand, it provides a break in the adsorption layer, a platform for 
displacement processes” (104). In some interface reactions, it is probable that 
the reaction product acts merely as a crystallization center, but in many reactions 
involving true catalysis, a reduction of the activation energy is strongly indicated. 
The boundaries at which these reactions occur are the “lines of especially un¬ 
saturated character at which synergetic effects are to be expected. That this 
is so is directly supported by other observations; the reaction product can often 
be replaced by other substances” (88). Thus, the thermal decomposition of 
silver oxide, in addition to being accelerated by silver and platinum which could 
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act as crystallization nuclei, is accelerated by manganese which could not; the 
decomposition of mercuric oxide and barium peroxide is accelerated by a series 
of other oxides (117); the decomposition of silver permanganate is even acceler¬ 
ated by powdered pumice stone. 

The observations of Wischin on the thermal decomposition of crystals of 
barium azide (151) include data on the energy of activation both of nuclear for¬ 
mation and of growth. The rate of growth of each nucleus follows the law: 

dr/dt = B 

where r is the radius and B is dependent only upon the temperature. The 
energy of activation of nuclear growth is approximately 23.5 kcal., compared with 
74 kcal. for nuclear formation. 

In the development process an external molecule, the developing agent, is 
brought into reaction at the interface. The basic mechanism of the silver 
catalysis in this reaction and in the silver-catalyzed reduction of silver ions from 
solution is essentially the same. It will be simpler to treat the latter first. 

Evidence from several sources showing rather strong adsorption of silver ions 
to the silver has already been discussed. The reaction system may be treated 
(cf. 56) as consisting of three reactants—the silver ions, the developer, and the 
adsorption site on the surface of the catalyst; thus: 

D + Ag # + S (D —Ag # —S)* —> products (5) 

The difference between the energy of activation required for this catalyzed re¬ 
action and that required for homogeneous reaction will equal the difference in 
potential energy of the activated states (D — Ag # — S)* and (D—Ag # )*, i.e., the 
heat of adsorption of the activated complex minus the heat of adsorption of the 
reactants. This is illustrated schematically in figure 7. Here, the solid curve 
refers to the homogeneous reaction, the broken curve to the heterogeneous 
reaction; Eh om is the activation energy of the homogeneous reaction; E A is the 
apparent or measured energy of activation of the heterogeneous process, whereas 
J&het is the true activation energy; E u differs from E het by the heat of adsorption, 
X, i.e., Ea, = £het — X. 

At the silver-silver halide interface, the silver ions are already present in an 
“adsorbed” condition. The significant difference is imposed by the presence of 
the silver halide lattice. The concentration of the activated complex will depend 
upon the availability of the silver ions for combination with the developer, and 
this, in turn, will depend upon the lattice forces. In addition, external materials 
strongly adsorbed to the halide, such as gelatin or the cyanine dyes, will greatly 
decrease the concentration of activated complex, as will adsorbed excess halide 
ion. This effect, due either to adsorption already involving the silver ions or to 
a steric shielding of them, is quite distinct from the electrical repulsion effect 
previously discussed and is operative with the uncharged developers as well as 
with the charged ones. 

Differences are to be expected between the physical form of the silver obtained 
by reduction of the solid silver halides and that obtained by the silver-catalyzed 
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reduction of silver ions from solution. In the latter ease, the silver ions and 
reducing agents have free access to all parts of the silver surface, and the particles 
grow in a uniform manner. In the former case, however, free contact of the 
reducing agent is attained only at the triple interface between silver, silver halide, 
and solution. The silver formed in the reaction does not occupy as much space, 
if it forms a compact lattice, as did the original silver bromide. As reaction 
proceeds and bromide ions pass into solution, the silver-silver halide interface 
will progress in an erratic fashion, depending upon the presence of flaws in the 
crystal structure, accessibility of the interface to the developer, and localized 
breaks in the interface due to differences in space requirements. Reaction pro¬ 
ceeding chiefly along surfaces and producing silver filaments within the approxi- 
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Fig. 7. Comparison of activation energies for homogeneous and heterogeneous reactions 


mate confines of the original grain, such as is revealed by electron micrographs, 
is to be expected on this basis. Filaments projecting beyond the original con- 
fines of the grain probably arise from other causes, although the silver filaments 
in the absence of rigid support (as is the case in the electron microscope tech¬ 
nique) may possess considerable mobility. 

An auxiliary factor which may markedly influence the final physical result 
in some cases arises from the finite solubility of the silver halides. This solu¬ 
bility is enhanced by the sodium sulfite present in most conventional developers 
and by additions such as potassium thiocyanate which are made to the “fine- 
grain” developers. These solvents will not increase the equilibrium silver-ion 
concentration attainable, but they will increase considerably the rate at which 
silver ions may pass into solution and, in addition, their action will expose silver 
nuclei existing within the original grains. Competition between the silver- 
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catalyzed reduction of silver ions from solution and the interface reaction is to 
be expected in all cases. The former reaction may be negligible, as in the case 
of the pure hydroquinone developers previously discussed. It may also be 
large, as indicated by microscopic studies of the action of the fine-grain de¬ 
velopers (62). The fundamental basis of development is not changed in any 
case. Only the practical result is altered. 

Further complications may arise, owing to the localized solvent action of 
excess halide ion which is liberated around the development centers during re¬ 
duction. Such action may be responsible for the streamers of silver observed 
under the microscope when perfect crystals of silver bromide are attacked by a 
rapidly acting developer, such as a metal-hydroquinonc developer containing 
carbonate. A slowly acting developer, such as that used by Yano (153), does 
not produce the streamers. This effect offers one of the explanations for the 
filaments which, under the electron microscope, are observed to project out from 
the grain surface. 

The amount of experimental material on the mechanism of fog formation, i.e., 
the unsclective reduction of the silver halide, is very small. However, on the 
basis of the experimental material already given, the factors leading to fog forma¬ 
tion can be foreseen. The reduction of silver ions in solution not catalyzed by 
silver will be independent of light exposure. In time, this will lead to the forma¬ 
tion of nuclei which can then grow by silver-catalyzed reduction of silver ions. 
Fog silver produced in this way will have a smaller covering power than image 
silver and may even be of different color. A direct attack of the developing 
agent on the grain occurs, as evidenced by the reduction of pure silver chloride 
by hydroxylamine. Nuclei are thus formed which can catalyze the continued 
reduction of the grain (development fog). Catalytic nuclei may already exist 
in some grains prior to exposure as a result of reactions during the ripening 
process (emulsion fog). Finally, any additional reaction which can give rise to 
catalytic nuclei, such as the interaction of silver ions and sulfide, will lead to fog. 
Successful development depends upon adequate control of all of these factors, so 
that the rate of the fogging reactions is small compared with that of normal 
development. 

The direct attack of the developing agent upon the unexposed silver halide 
forms the basis for a special type of developing action. The experiments with hy¬ 
droxylamine and pure silver chloride showed clearly that the rate of initiation 
of reduction is markedly decreased by adsorption of protective substances, such 
as the cyanine dyes, gelatin, and chloride itself. Any abrasive action which 
tears such a layer from a portion of the surface, or splits the crystals and thereby 
exposes a fresh surface, causes an increase in the rate of initiation of reduction, 
provided conditions do not permit a rapid and complete reestablishment of the 
productive layer. On this basis, the Poindexter effect and the production of a 
developable image by abrasion are easily understood. A silver nucleus is not 
required initially, and development arises from a cause which is qualitatively 
distinct from the more usual one. 
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I. INTRODUCTION 

The wide interest in Derris , Lonchocarpus , Tephrosia , Mundulea , and other 
rotenone-bearing plants is attested by the many articles (64) relating to them 
that have appeared in the literature during the past fifteen years. The roots 
of these plants, all closely related botanically and belonging to the family 
Fabaceae , are used in large quantities for the preparation of dusts and sprays for 
combating many injurious insects. 

More than six and a half million pounds of Derris and Lonchocarpus ,* the 
most important genera commercially, were imported into the United States in 
1940. The former is obtained from British Malaya and the Dutch East Indies 
and the latter from South America. 

The rotenone-bearing plants have been shown to be toxic to many widely 
different species of insects (65). Mclndoo, Sievers, and Abbott (57), in an 
extensive study of derris as an insecticide, have demonstrated that it acts both 
as a contact insecticide and as a stomach poison. Tischler’s studies (77) on the 
physiological mode of toxicity of derris to insects have been summarized by 
Holman (40) as follows: 

“. . . (1) that extracts enter the insect’s body by (a) the alimentary canal, through (b) 
spiracles and tracheal Bystem, and (c) through the integument, and that there is for certain 
insects a definite stomach-poisoning effect; (2) that dusts penetrate by (a) and (c), but 
probably not by (b); (3) that body exudates and body fluids may extract the poison, that 
there are thin surface areas through which osmosis can take place, and that derris dust 
settling on these (areas containing body exudates) finds continuous access to the body until 
death takes place; (4) that there are no specific effects on motor nerves and attached mus¬ 
cles, and that circulation effects are secondary in character; (5) that derris acts primarily 
by the inhibition of oxygen utilization, and that this effect is general rather than specific 
to any organ or 8ystem. ,, 

Derris and allied materials in large doses exercise some toxic action upon man 
and higher animals, but they are far less toxic than the arsenicals which are used 
for insecticidal purposes. Haag (32) considered that there was little danger of 
acute poisoning to healthy subjects following the ingestion of derris on foods, but 
workers in derris dusts should be protected by respirators. 

The insecticidal action of the roots was attributed at first to a single constitu¬ 
ent, rotenone (52, 62). This compound separates in optically active, crystalline 

1 Commonly called cube, barbasco, haiari, timbo, and nekoe. These names, however, 
are not only applied to Lonchocarpus but are used for other entirely unrelated fish-poison 
plants, many of which are of no insecticidal value. 
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form when extracts of the roots, made with suitable organic solvents, are concen¬ 
trated. The extracts contain a number of related compounds other than rote- 
none, which are obtained as an uncrystallizable residue after complete evapora¬ 
tion of the solvent. The percentage of total extractives, as well as the proportion 
of rotenone to total extractives, varies widely and depends upon several factors, 
such as the species, the method of cultivation, and the solvent used in the extrac¬ 
tion. In the case of derris, which has been most extensively studied, the residue, 
when freed from rotenone as completely as possible, is known as derris resin. 2 
The resins, like rotenone, are usually optically active and most of them are 
levorotatory. 

In 1930 Clark (14) found that derris resin, on treatment with alkali, yielded 
several crystalline optically inactive substances, which he named deguelin, 
tephrosin, and toxicarol. Tests on all three compounds against aphids by 
Davidson (23), against silkworms by Shepard and Campbell (68), and against 
mosquito larvae by Campbell and Sullivan (unpublished data) indicated that 
deguelin was much less toxic than rotenone, while tephrosin and toxicarol were 
practically non-toxic. From these results the erroneous conclusion was drawn 
that the extractives other than rotenone had little or no insecticidal value, and 
the toxicity of the derris resin was ascribed to its occluded rotenone. Various 
comparative tests of derris extractives and rotenone, however, have indicated 
that toxic substances other than rotenone must be present in the extractives. 
For example, Jones et al. (44) found that powdered derris extractives that con¬ 
tained about 25 per cent of rotenone were as toxic to mosquito larvae as was pure 
rotenone, and Campbell et al. (13) found that a kerosene extract of derris from 
which no rotenone could be isolated was effective against houseflies. These 
results, as well as those of Tattersfield and Martin (5G, 73), have led to further 
intensive investigations of derris resin from a number of species and varieties 
of Derris root. Studies have also been made on other rotenone-bearing legumes, 
of which the most important are species of Tephrosia and Lonchocarpus. 

The isolation of rotenone by Clark (21) from the roots of Tephrosia virginiana 
L., the most abundant species of Tephrosia indigenous to the United States, 
stimulated interest in this plant as a source of insecticides. Analytical studies 
(43) of samples of this plant, commonly known as devil's shoestring, have 
shown considerable variation in the amount of insecticidal constituents, but 
recent selective breeding experiments (55, G9) make it now possible to produce a 
root of uniformly high quality. Limited quantities of these new varieties have 
been available for studies on their chemical constituents (29). 

II. CHEMISTRY OF ROTENONE AND RELATED COMPOUNDS 

A. Rotenone 

Through the efforts of three groups of chemists the structural formula for 
rotenone is now unreservedly accepted to be I, and for an understanding of the 
fundamentals of its chemistry the reader is referred to reviews by LaForge, 
Haller, and Smith (50), Butenandt and McCartney (8), and King (48). 

* The term “deguelin concentrate” has also been used, but we regard this term as less 
appropriate. 
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hydrogen peroxide yields derric acid (IV). It thus follows that in deguelin, as 
in rotenone, derric acid is derived from one half of the molecule, and hence 
the structural differences between deguelin and rotenone are to be found in the 
second half of the molecule or in the linkages between the two parts. 

Oxidation of dehydrodeguelin with potassium permanganate yields, besides 
2-hydroxy-4,5-dimethoxybenzoic acid and risic acid, nicouic acid (18). Nicouic 
acid is a tricarboxylic acid having the structure represented by formula IX. 

HOOC/\ CH, 

Hol^J—O—A—COOH 
COOH ^ 

IX 

Nicouic acid 


The absence of methoxyl groups shows it to be derived from the undetermined 
half of the deguelin molecule. The isolation of this acid, together with the fact 
that rotenonic acid (isodihydrorotenone) (X), which is obtained on catalytic 
hydrogenation of rotenone, is isomerized with sulfuric acid to j8-dihydrorotenone 



H 2 H 2 \ 

CH 8 


X 

Rotenonic acid 


(XI) (33), the optically inactive form of which is identical with dihydrodeguelin, 



0-Dihydrorotenone (dihydrodeguelin) 
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showed deguelin to possess the structural formula XII. This structure differs 



XII 

Deguelin 


from that of rotenone in that ring E is a substituted chromene, whereas in rote- 
none it is a substituted dihydrofuran. Also rotenone possesses three asym¬ 
metric carbon atoms, numbers 7, 8, and 20, while deguelin has but two, numbers 
7 and 8. Carbon atoms 7 and 8 may be regarded as one asymmetric center and 
carbon atom 20 as another. The effect of alkali on these centers has recently 
been studied by Cahn et al. (11). Like rotenone (41, 45) deguelin crystallizes 
from certain organic liquids with a definite molecular ratio of solvent of crystal¬ 
lization (27). Gravimetric methods for the determination of deguelin have 
been proposed by Takei et al (71) and by Goodhue and Haller (28). 

The relatively low insecticidal action of deguelin (23, 68) stimulated studies on 
its precursor. Haller and LaForge (34) found that, on hydrogenation of derris 
resin in the absence of alkali, optically active dihydrodeguelin (/3-dihydrorote- 
none) was obtained. This compound possesses an insecticidal value of the same 
order as dihydrorotenone (XIII) and rotenone (25, 70). The type of hydrogena- 

CHjO 0 

^-v 'I 

«°-C>\/V\ 

H, H \ CHi 

XIII 

Dihydrorotenone 

tion procedure used made it appear probable that at least part of the deguelin 
was present in the resin in an optically active form. The conclusions of Haller 
and LaForge have since received support by the work of Tattersfield and Martin 
(74), Cahn and his collaborators (12), and Harper (36). 
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C. Tephrosin 

Hanriot (35) in 1907 isolated from the leaves of Tephrosia vogelii a substance 
which he named tephrosin. Similar results were obtained in 1915 by an anony¬ 
mous worker ( 1 ), and in 1926 Tattersfield et al. (72) obtained two apparently 
different substances 4 having higher melting points than Hanriot’s product. 
Clark (17) obtained a crystalline material corresponding to that described by 
Hanriot from the same source and showed it to be a mixture of two compounds. 
One was deguelin and the other a colorless crystalline substance that Clark 
designated tephrosin. Clark also isolated this compound from the mixture of 
crystalline substances obtained on treatment of derris resin in alcohol with alkali. 
He showed that it had the molecular formula C 23 H 22 O 7 , was optically inactive, 
and possessed two methoxyl groups. On treatment with acetic anhydride or 
acetic and sulfuric acids, tephrosin loses a molecule of water and dehydrodeguelin 
(VII) is formed. It is thus clear that tephrosin (XIV) is a hydroxydeguelin. 
Since it has been shown that dehydrodeguelin results from deguelin by the loss 



XIV 

Tephrosin 

of hydrogen atoms from carbon atoms 7 and 8 , it follows that tephrosin possesses 
a hydroxyl group in place of a hydrogen atom on one of these two carbon atoms. 
No information is available, however, as to the exact configuration of tephrosin. 

An isomer of tephrosin, isotephrosin, has been isolated from a Peruvian cube 
root (22). With dehydrating agents it also yields dehydrodeguelin. Iso¬ 
tephrosin therefore is also a hydroxydeguelin and has the same relation to 
deguelin as has tephrosin. If the hydroxyl group of the latter is on carbon atom 
7, then in isotephrosin it would be on carbon atom 8 , or vice versa. 

A third isomer of tephrosin, designated hydroxydeguelin-C (49), has also been 
described. It was prepared from deguelin by oxidation with hydrogen peroxide 
in alcoholic alkaline solution. It differs from tephrosin especially in its behavior 
toward dehydrating agents, for it was recovered unchanged after several hours’ 
boiling with 8 per cent alcoholic sulfuric acid. 

By the method of oxidation described above, isorotenone (XV), which is 
obtained on treatment of rotenone with mineral acid, yields two hydroxy com- 

4 Several years ago it was shown that one of the compounds was probably slightly impure 
tephrosin and the other a pure sample of tephrosin. 
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pounds, designated isorotenone-C and isorotenone-D, both of which are stable 
to dehydrating agents. 


CHjO 


CH,0— / 



0 H 


CH» 


\c-U/ 

H \cHi 


XV 

Isorotenone 


The two normal hydroxyisorotenones corresponding to tephrosin and iso- 
tephrosin have also been prepared. Both are readily dehydrated to the same 
dchydro compound (dehydroisorotenone). LaForge and Haller (49) have sug¬ 
gested that these isomers may be accounted for on the basis of spatial configura¬ 
tion, but this explanation has not met with ready acceptance. 

In 1933 Takei et al. (71) produced evidence that tephrosin docs not occur as 
such in derris but is formed by oxidation of dcguelin. These findings were 
supplemented by those of LaForge and Haller (49) that dcguelin in alkaline 
solution is readily oxidized by air to a mixture of tephrosins, and those of Merz 
and Schmidt (59) that when a chloroform solution of dcguelin is shaken with 
aqueous alkali it is partly oxidized to tephrosin. Cahn, Phipers, and Boam (12) 
also produced evidence that tephrosin is an oxidation product, and now all 
workers in this field seem agreed that tephrosin does not occur naturally in the 
resin. The allotephrosin and isoallotephrosin of Merz and Schmidt (59) have 
been shown to be identical with tephrosin ( 3 ). 

D. Toxicarol 

Clark (15) was the first to describe toxicarol. He obtained it in optically in¬ 
active form by alkali treatment of the extractives of the roots of Tephrosia 
toxicaria and from derris resin. Subsequently Cahn and Boam (9) showed 
that extracts of a certain species of derris giving no rotenone (63) by the usual 
carbon tetrachloride method nearly always yielded pure toxicarol on treatment 
with alkali. Because of its origin they have chosen to designate this kind of 
derris as being of the “Sumatra type.” Such root has been referred to by Buck- 
ley (5) and by Harper (38) as “Kinta type” derris, because their specimens came 
from the Kinta district of Malaya. 

Toxicarol has the molecular formula C 23 H 22 O 7 (7, 15), being isomeric with 
tephrosin but, unlike it, possesses a phenolic hydroxyl group. Like rotenone it 
yields a dehydro compound (19) that adds two molecules of water with the forma¬ 
tion of toxicarolic acid (XVI), and this in turn can be degraded to derric acid. 
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Thus it is shown that toxicarol possesses a chromane-chromanone nucleus of the 
rotenone type. 


CH»0 

\ 

CH»0—< 


0 

H 2 II 


OH 


^>—c—c—/N 

1 h °U 


0 

\ 


-Os 


v V 

CHjCOOH C=C / \ 
H H 


XVI 

Toxicarolic acid 


CH 8 

CH 8 


On treatment with alkali toxicarol loses CbHb, yielding apotoxicarol (20); 
this reaction is not shown by rotenone or deguelin. Apotoxicarol on oxidation 
in alkaline solution yields two monocarboxylic acids, hydroxynetoric acid 


CHsO 


\ 


CH s O- 


O 

\/ 

H 2 


X/COOH 
H 
II 
OH 


XVII 

Hydroxynetoric acid 


CII,0 


\ 


CHsO- 


V 


COOH 


O 

\/\ 

h 2 h 

XVIII 

Dehydronetoric acid 


(XVII) and dehydronetoric acid (XVIII). The former may be dehydrated to 
the latter, which on hydrogenation is reduced to netoric acid (XIX). Apotoxi- 


ch 3 o 



XIX 

Netoric acid 



carol undergoes the reactions characteristic of the chromane-chromanone residue 
and has been assigned formula XX. This structure has received confirmation 
by the synthesis of apotoxicarolic acid, which is formed on hydrolysis of dehydro- 
apotoxicarol. Toxicarol and deguelin yield acetone on treatment with alkali 
under the proper conditions. This reaction indicates the grouping (CH 8 ) 2 C 
and supports the theory that toxicarol also contains the 2,2-dimethyl-A*- 
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chromene residue characteristic of deguelin. On the basis of this evidence and 
by analogy, toxicarol has been tentatively assigned the formula XXI (26). 



a-Toxicarol 


Substantiation of the nature of the chromene system just postulated was fur¬ 
nished by Bridge et al. (4). Their evidence has recently been summarized by 
LaForge and Markwood (51). 

When optically inactive toxicarol in acetone solution is heated with potassium 
carbonate, it is partly changed to an isomer, /3-toxicarol (XXII) (11), the linear 



form of formula XXI. Its greater solubility in ether permits a separation of 
/3-toxicarol from ordinary toxicarol (XXI), designated a-toxicarol. The reac¬ 
tion is reversible, but when alcoholic alkali is used the much less soluble a-form 
crystallizes out, so that in alcohol the change from the /3-form to the a-form is 
almost complete. Usually, however, the a-form contains a small amount of the 
/3-form, and this largely accounts for the various melting points reported for 
ordinary toxicarol: 213°C. by Butenandt and Hilgetag (7), 2I9°C. (corr.) by 
Clark (15), and 232-233°C. by Cahn, Phipers, and Boam (11), who have devised 
a method for purifying the a-form. Jones and Wood (46) have recently found 
that in capillary melting-point tubes made of soft-glass tubing the melting point 
of toxicarol is appreciably lower than in hard glass or Pyrex capillary tubes. 
The phenomenon has been shown to be due to the greater alkalinity of the soft- 
glass tubing. 

Toxicarol that is obtained by the action of alkali on derris extractives is op¬ 
tically inactive. That it does not occur in this form in the root was first demon¬ 
strated by Tattersfield and Martin (75, 76). They succeeded in isolating from 
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a Sumatra-type derris resin an optically active precursor, which was shown by 
Cahn et at. (11) to be Z-a-toxicarol. The latter workers doubted the purity of 
Tattersfield’s preparation, but Harper (38) has concluded that the optical data 
of Cahn et al. are untrustworthy and that their criticism of the work of Tatters- 
field and Martin is unjustified. The properties of the protoxicarol of Rowaan 
and Van Duuren (67), levorotatory in benzene and dextrorotatory in acetone, 
indicate it to be Z-a-toxicarol. 

Tattersfield and Martin (76) have shown the toxicarol precursor to be about 
one-fifteenth as toxic as rotenonc to Aphis rumicis L. The Sumatra-type derris 
resin from which it was isolated was about one-sixth as toxic as rotenone or about 
half as toxic as samples of Derris elliptica resin. 


E. Sumatrol 

Sumatrol was first isolated by Cahn and Boam ( 10 ) from a Sumatra-type derris 
resin , 6 from which it was subsequently also obtained by other workers. It has 
not yet been found in Derris elliptica. While, according to Tattersfield and 
Martin (76), sumatrol is about as toxic as toxicarol to Aphis rumicis , it is present 
in the resin only in small amount and therefore is not regarded as an important 
contribution to the insecticidal effect of the resin. 

Sumatrol is optically active and has the molecular formula C 23 H 22 O 7 (10), 
being isomeric with tephrosin and toxicarol. It differs from tephrosin in being 
phenolic and from toxicarol in being colorless. 

Besides having a phenolic hydroxyl group, sumatrol, like all other members of 
the rotenone series, possesses two methoxyl groups, an active carbonyl group, 
and three chemically inactive oxygen atoms ( 66 ). Further, it yields a dehydro 
compound which furnishes an acid of the derrisic type by standard procedures. 
It therefore appears practically certain that sumatrol possesses the chromane- 
chromanone ring system which makes the chromene-chromone system capable 
of forming the derrisic acid type of compound. 

The similarity of the colors given with ferric chloride and the insolubility in 
aqueous alkali suggested that sumatrol, like toxicarol, has a hydroxyl group 
in the 5-position of ring D. 

On hydrogenation sumatrol, like rotenone, yields a dihydro compound and a 
tetrahydro derivative. Both compounds are optically active and both form 
dehydro derivatives, but only the dihydrodehydro compound rotates the plane 
of polarized light. These facts are strong evidence that sumatrol, like rotenone, 



XXIII 


CH 2 

ch 8 


Isopropenyldihydrofuran system 


6 The root was probably Derris malaccensis var. sarawakensis . 
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After a detailed study of the compound Harper (39) independently proposed the 
same formula. He found that malaccol gives a positive Durham test, and has 
two methoxyl groups and an active carbonyl group, as shown by the formation of 
an oxime. These facts indicate that rings A, B, and C are the same as in rote- 
none. The strong ferric chloride reaction indicates that there is a phenolic 
hydroxyl group in the position ortho to the carbonyl group. In agreement with 
this conclusion it has been observed that malaccol, like sumatrol, is almost in¬ 
soluble in aqueous alkali. That ring D is a phloroglucinol residue is shown by 
the close similarity of the ferric chloride colors given by malaccol and its dihvdro 
and tetrahydro derivatives to those of the corresponding derivatives of sumatrol, 
in which the presence of a phloroglucinol residue has recently been confirmed by 
synthesis. Harper (39) points out, however, that the experimental data do not 
distinguish between the angular formula (XXVI) and the less likely linear for¬ 
mula (XXVII). Formula XXVI bears the same structural relation to elliptone 
as do sumatrol to rotenone and toxicarol to deguelin. 



XXVII 

Malaccol (linear formula) 


G. Elliptone 

Several years ago Buckley (5) found that an ethereal solution of Derris elliptica 
resin that had been repeatedly treated with 5 per cent potassium hydroxide solu¬ 
tion deposited crystals on standing. The purified compound, called at first 
Buckley's compound and subsequently elliptone 6 (37), was optically inactive, 
and the suggestion was therefore made that the compound probably did not 
occur in the resin as such. This surmise proved correct, for a short time later 
(36, 37, 60) an optically active isomer that could be racemized to ^/-elliptone 
was obtained. Both compounds yielded the same dehydro compound, thus 
confirming further their relationship. The speculation of Boam and Cahn (2) 
that elliptone is a degradation product of deguelin was therefore untenable. 
Preliminary insecticidal tests (61) indicate that elliptone is comparable with ro¬ 
tenone in its toxicity to caterpillars. 

The molecular formula C 2 oHieOe (36, 37, 60) was established for elliptone. It 
shows color tests characteristic of rotenone and closely related compounds, forms 
an oxime and a dehydro compound, and gives the degradation products obtain¬ 
able from related compounds having a chromane-chromanonc ring system. 
Although the evidence presented makes the proposed structural formula XXVIII 

• The term “derride” proposed for this substance has already been used by Greshoff (31) 
for a resinous extract from Derris elliptica root. 
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probable, final proof can be afforded only by degradation to compounds of known 
structure or by synthesis. 



XXVIII 

Elliptone 

//. Other constituents 

By steam distillation of an extract of the leaves of Tephrosia vogelii , Hanriot 
(35) isolated an oily liquid of the formula CioHuO. The compound had the re¬ 
ducing properties of an aldehyde, but no definite derivatives could be prepared. 
The non-crystalline part of the extractives from T. virginiana was investigated 


TABLE 1 


Relative toxicity to insects of rotenone and allied substances 


SUBSTANCE 


Rotenone. 

Deguelin (inactive). 


Deguelin concentrate (active)... 
Tephrosin (inactive).( 


Toxicarol (inactive). 

Toxicarol (active). 

Sumatrol (active). 

Dihydrorotenone (active) 


{ 


Dihydrodeguelin (inactive). 
Dihydrodeguelin (active).. 
Dehydrorotenono (active).. 


APPROXI¬ 

MATE 

RELATIVE 

TOXICITY 

TEST INSECT 

REFER¬ 

ENCE 

100 

10 

Bean aphid {Aphis rumicis L.) 

(23) 

10 

Housefly {Musca domestica L.) 

(70) 

30 

Silkworm ( Bombyx mori L.) 

(68) 

50 

Housefly {Musca domestica L.) 

(70) 

2 

Bean aphid {Aphis rumicis L.) 

(23) 

10 

Silkworm {Bombyx mori L.) 

(68) 

<1 

Bean aphid {Aphis rumicis L.) 

(23) 

7 

Bean aphid {Aphis rumicis L.) 

(76) 

7 

Bean aphid {Aphis rumicis L.) 

(76) 

70 

Housefly {Musca domestica L.) 

(70) 

>30 

Silkworm {Bombyx mori L.) 

(68) 

<3 

Housefly {Musca domestica L.) 

(70) 

50 

Housefly {Musca domestica L.) 

(70) 

0 

Imported cabbage worm( Asciarapae{L.)) 

(24) 


by Goodhue and Haller (29), and was found to contain a considerable amount of 
an oil composed mostly of sesquiterpenes. Two crystalline compounds were 
isolated by a process including adsorption on charcoal and molecular distillation. 
One of these, melting at 131°C. and having the molecular formula C 21 H 22 O 4 , had 
previously been isolated by Clark (21). The other was an orange-yellow crystal¬ 
line compound melting at 125°C. Analyses indicate the molecular formula to 
be C 2 SHS 4 O 4 . Neither of these compounds showed any toxicity to houseflies (30). 
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A crystalline material of an acidic nature has been isolated from an unknown 
species of Lonchocarpus by Jones (42). The substance, melting at 201 °C. but 
probably dimorphic, was called lonchocarpic acid. It had the molecular formula 
C 26 H 2 606 with one methoxy group. 

III. TOXICITY TO INSECTS OF ROTENONE AND RELATED COMPOUNDS 

Many toxicity tests have been made of the compounds discussed in this paper. 
In table 1 a brief summation is given of the approximate relative toxicities, on the 
basis of rotenone as 100, of some constituents of derris and cube and their de¬ 
rivatives. All substances can be compared with rotenone, but direct compari¬ 
son of the compounds with each other is not entirely valid, as all were not tested 
in the same way or against the same insect. Comparisons are further compli¬ 
cated by the use of different criteria for toxicity. 
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The present survey gives particular emphasis to recent studies of the anti- 
pneumococcic action of some cinchona derivatives. A brief historical Burvey is pre¬ 
sented and reference is made to speculations concerning the mode of action of 
cinchonas in the animal body. Antipneumococcic action is analyzed with regard 
to isomeric and structural modifications of the cinchona molecule. A summary 
of recent data on bacteriostasis, toxicity, animal protection, pharmacologic testing, 
and clinical studies is given. Synthetic analogs are discussed in relation to sig¬ 
nificant structural factors. 

Cinchona alkaloids have been used as antimalarials since 1630, but evidence 
of the specific antipneumococcic action of these compounds dates only from 1911. 
Morgenroth’s (84) study of cinchonas as antipneumococcic agents has been 
described as “the first striking instance of the successful application of a chem¬ 
ical to the treatment of a bacterial infection in a laboratory animal” (53). Be¬ 
cause Morgenroth had been studying quinine in relation to trypanosome infec¬ 
tions in animals and was acquainted with the capsule-formation characteristic 
of trypanosomes, spirilla, and the pneumococcus, he was led to investigate the 
action of the alkaloid in pneumococcic septicemia in mice. There followed an 
extensive study of hydrocupreine ethers with the synthesis of the well-known 
optochin, vuzin, and cucupin. Between 1919 and 1924 Heidelberger and Jacobs 
(42, 54) at the Rockefeller Institute and Giemsa (32, 33) in Germany published 
the results of further studies in the hydrocupreine series. These results have 
been reviewed by von Oettingen (111) and by Houben (50), and the clinical 
findings have been discussed by Moore and Chesney (87), by Kolmer (63), and 
by Solis-Cohen (107). 

The remarkable antipneumococcic action of optochin has been a spur to re¬ 
investigation of this field. In again studying cinchona derivatives the search 
was not so much for a compound of greater power but rather for a compound 
free from deleterious side-effects. The last decade has brought extensive syn¬ 
thesis in the field of apocinchonas. In the early 1930’s methylapocupreine 1 [or 

1 At the time the term apocupreino (8) was suggested, its use was based firstly on the 
similarities of apocupreine (formula II) and cupreine (formula I), which differ chemically 
only in the 3-substituent of ethylidene or vinyl, respectively, and secondly on the estab¬ 
lished usage of L6gcr (59 , 66) in applying the terms apocinchonine and apocinchonidine 
(characterized by the ethylidene side chain) to the corresponding substances derived from 
cinchonine and cinchonidine. In the case of quinine, demethylation is accomplished by 
boiling with 60 per cent sulfuric acid; a shift of the double bond also occurs. The product, 
called apoquinine by Hesse (49), consists of substances of different toxicities and antipneu¬ 
mococcic powers and these give derivatives of various biological properties. The name 

49 
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isoquinine (39)] and ethylapocupreine 1 or [ethylapoquinine (13, 14, 22, 45, 52, 
56, 72, 73, 76, 79, 80, 81, 89, 90)] were reported by investigators in the United 
States, Germany, and Japan to have protective action in experimental pneu¬ 
monias. Since 1934 Maclachlan et al. have published results of the experimental 
testing of alkyl and hydroxylated alkyl ethers of apocupreine in lower animals 
and of the use of hydroxyethylapocupreine in the treatment of pneumonia in 
man. In clinical use, this latter compound has been very effective and not a 
single instance of eye damage has been encountered. The recent Japanese 
work has consisted largely of experimental studies of antipneumococcic action, 
and the English investigators have reported antimalarial studies of apocinchonas 
and similar compounds. 

Hegner (41) has reported hydroxyethylapocupreine and quinine as approxi¬ 
mately equally effective against P. lophurae in ducks, P. relictum in pigeons, 
and P. cathemerium in canaries. The low toxicity of hydroxyethylapocupreine 
gives particular interest to these findings. 

Morgenroth (84) pointed out the importance of systematic variation of the 
component groups in the cinchona molecule in relation to an ultimate under¬ 
standing of the mode of antimalarial action or the basis of bacterial specificity 
of this class of alkaloids. In attempting to correlate chemical structure and 
bactericidal power the results of the experimental testing of a large number of 
compounds are considered. It must be remembered that comparison of the 
data from different workers involves many variables: differences in type and 
virulence of organism, method of determination of power in vitro , age and sex 
of animals used, method of inducing infection and of administration of the drug, 
—whether oral, intravenous, or intraperitoneal. Even seasonal factors may 
influence the numerical results. Marshall (75) has cited the difficulties and has 
contributed in great measure to the standardization of such biological studies. 
In the cinchona series a general relationship between the bacteriostatic action 
in vitro and the protective action in vivo seems to exist (25, page 771; 83a; 10). 
Hence the preliminary testing of the antipneumococcic action of this type of drug 
has included three determinations: bacteriostasis in vitro , toxicity to mice, and 
protective action against pneumococcal septicemia in mice. 

From the chemical point of view the cinchona molecule is a comparatively 
large and complex one and is susceptible to many types of modification. Nature 
has provided but few of the many possible variants. The best-known naturally 
occurring alkaloids are the stereoisomeric 6'-methoxy compounds, quinine and 
quinidine, and the corresponding methoxyl-free compounds, cinchonidine and 
cinchonine. These have little antipneumococcic action (73, 10). 

Formula I represents cupreine, and the corresponding methyl ether is quinine. 
The quinoline and quinuclidine nuclei linked through the secondary alcoholic 


apocupreine has been applied to the main component of the reaction product (13) and 
corresponds to the terms apoquinine (45, 46), as used by Henry, &nd£-isocupreine (55), as 
used by Sussko. 
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group are characteristic of the naturally occurring alkaloids (quinine, quinidine, 
cupreine, cinchonidine, and cinchonine, and their dihydro derivatives). It is 
perhaps permissible to consider this rubanol nucleus of quinoline and quinu- 
clidine joined through the secondary alcohol as the power center (contributing 
structural arrangement, electronic energies, basicity, oxidation potential, or 
some such fundamental function) and the substituent groups of R at position 
3 in the quinuclidine ring and R' at 6' in the quinoline ring as having directive 
influences. At least, any marked change in the rubanol structure usually les¬ 
sens or destroys bactericidal action in general, whereas changes in R and R' 
often serve to modify toxicity and bacterial specificity. The properties of recent 
synthetic analogs of quinine have emphasized some of the limits in the simpli¬ 
fication of structure and have indicated some promising modifications (1, 19, 31, 
61). 

Among the general factors which have been variously emphasized in consider¬ 
ing the mode of action of cinchonas are molecular weight (61, 106, 114), greater 
effectiveness at a somewhat alkaline pH (62, 78), and surface tension, which is 
lower in neutral or alkaline solution (17, 78). Ostromislensky (93) stressed the 
importance of the colloidal nature of a medicinal and thought that the quinoline 
residue gives colloidal properties and bacterial specificity. Domagk (24) con¬ 
siders the biologically functioning group to be the quinuclidine nucleus, or the 
nitrogen of this nucleus. Henry (43, page 441) and Findlay (26, page 115) call 
attention to the decrease in antimalarial action in the case of changes which 
lessen the basicity of the molecule. The correlation of fluorescence with the 
antimalarial action of the cinchonas and of atabrin has been noted by Oesterlin 
(92). Berkenheim (3) has suggested an electronic interpretation of the action 
of quinoline derivatives. 

The mechanism of the action against the pneumococcus is not understood, 
but this action must differ from that of members of the sulfanilamide group. In 
contrast with the effect of sulfonamides, the typing characteristics of the or¬ 
ganism are not altered when the cinchonas are used in treating clinical cases 
of pneumonia; no observable change occurs in the bacterial capsule during 
studies in vitro . An interesting observation by Felton and Dougherty (25, page 
771) was a so-called “therapeutic zone phenomenon” in the treatment of pneumo- 
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coccic septicemia in mice. In the range of non-toxic concentrations of the cin¬ 
chona there was an optimum dose for protective action, and with the use of an 
amount larger or smaller than the optimum, mice died of septicemia. 

A study of cinchonas in relation to biological activity must consider both 
isomeric and structural modifications. The following main headings with some 
subdivisions have been used: 

I. Stereoisomerism 

II. Variations in the quinoline nucleus 

A. Simple substituted quinolines 

B. Modifications of the G'-substituent (R') in quinoline, as H, HO, 

RO in the cinchonas 

C. Substitution in the quinoline ring of the cinchona: nitro, amino, 

and azo derivatives 

D. Reduction of the quinoline nucleus 

III. Variations of the secondary alcohol bridge 

IV. Variations in the quinuclidine nucleus 

A. Modification of the 3 -substituent (R) 

B. Quaternaiy salts 

C. Nitrogen-oxide derivatives 

D. Fission of the quinuclidine ring at the 1 , 8 -position (cupreicine 

derivatives) 

Fission at the 1 ,2-position (niquine, niquidine, cinchon- 
hydrines) 

V. Detailed study of variations in the ether grouping 

VI. Synthetic analogs 


I. STEREOISOMERISM 

Bactericidal action and physiological properties are found to be markedly 
influenced by the optical configuration of the asymmetric carbon atoms. For 
instance, some individuals arc allergic to quinine but can be successfully treated 
for malaria with quinidine without unpleasant side reactions, as shown by 
Dawson and Newman (23) and by Sanders (103). Dawson and Garbadc (23) 
in studying an individual with a quinine idiosyncrasy, demonstrable by Boer- 
ner’s test, found the subject allergic to the levorotatory drugs quinine, dihydro¬ 
quinine, cinchonidine, dihydrocinchonidine, ethyldihydrocupreine (optochin), 
dihydrocupreine, and ethylquitenine but not allergic to the dextrorotatory iso¬ 
mers quinidine, dihydroquinidine, cinchonine, dihydrocinchonine, ethyldihy- 
drocupreidine, dihydrocupreidine, or ethylquitenidine. 

The asymmetric centers in formula I arc indicated by asterisks on carbon 
atoms 3 , 4, 8 , and 9. (The numbering introduced by Rabe (97) has been 
adopted in most publications, although it is not in strict conformity with the 
rules established by the International Commission (94)). C 4 has a levo rotation, 
as observed by Solomon (108a) in methylapocupreicine and in other apocuprei- 
cine ethers (99), and the combined rotational value of carbon atoms 3 and 4, 
in the naturally occurring cinchona alkaloids, indicates a dextro configuration 
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for carbon atom 3 (43, page 423). The steric arrangement of carbon atoms 8 
and 9 in the four epimeric modifications was established by Rabe (97) and is 
shown below: 


QUININE 

CINCHONIDINE 

QUINIDINE 

CINCHONINE 

EPIQUININE 

EPICINCHONIDINE 

EPIQUINIDINE 

EPICINCHONIN® 

9 8 

9 8 

+ + 

9 8 

+ 

9 8 

+ 


For the typical cinchona structure, the levorotatory quinine derivatives are 
more effective than the dextro isomers against both the malarial parasite and 
the pneumococcus, as evidenced by dihydroquinine and optochin in contrast 
with the dextro forms. The comparative antimalarial values of the dextro and 
levo series of different types of ethers have been presented by Buttle (14). 
Where an asymmetric center has been modified in structure, no predictions can 
be made concerning the more effective optical isomer. Both in the “apo” 
series (formula II) with the double bond at C 3 and in the niquine series where the 
quinuclidine nucleus has been changed as shown in formula V, the dextro forms 
show somewhat greater antimalarial action than the corresponding levo forms; 
the antipneumococcic power of these derivatives in comparison with the levo 
isomers is not known. 

Epimcrization at C 8 and C 9 takes place when a naturally occurring alkaloid 
such as quinine is refluxed with potassium hydroxide in amyl alcohol and the 
four theoretically possible isomers arc obtained: quinine, quinidine, cpiquinine, 
and epiquinidine. Of these four, epiquinidine is the most effective against the 
pneumococcus, although all are low in power (73). Another asymmetric center 
is Cio when unsymmetrieal additions have been made to the double bond of the 
vinyl side chain; there is little difference in the antimalarial power of the a-isomer 
as compared with the /3-isomer of chlorodihydroquinine (35) or in the antipneu¬ 
mococcic power of the a- and /3-hydroxydihydroquinines (10). 

II. VARIATIONS IN THE QUINOLINE NUCLEUS 

A. Simple substituted quinolines 

It should be noted that some antipneumococcic action can be demonstrated 
for quinolines, even for those with structures much simpler than the cinchona 
structure. 

In the action of simple quinolines on the pneumococcus, 8-hydroxyquino- 
line (quinisol) has definite antipneumococcic power but considerable tox¬ 
icity (11, 111). However, the ethyl, propyl, and hydroxylated ethyl and 
propyl ethers of 8-hydroxyquinoline had no significant antipneumococcal action 
(11) and 6-hydroxy or 6-ethoxy derivatives of 2-hydroxyquinolines were in¬ 
effective. 2 Buhrmann (4) claimed antipneumococcic action at 1:10,000 for a 
number of quinolines, such as the propyl ester of 6-hydroxyquinoline-4-car- 


* Unpublished work. 
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boxylic acid or isobutyl 2-phenyl-4-quinolylaminoacetate. In a study of 
substituted 4-aminoquinolines, Iensch (51) reported a benzthiazole derivative 
which had prophylactic action in experimental mouse pneumonias but failed in 
clinical testing. 

Attempts to combine the sulfanilamide molecule and an aminoquinoline have 
not been, productive (88, 99) in the simple derivatives, but in the testing of 
iV 4 -alkylaminoacetylsulfanilamidoquinolines Juneja (58) has claimed results 
“comparing favorably with sulfapyridine.” 

Synthetic derivatives of 6-methoxyquinoline in which a pyrryl (60) or a 
piperidyl (1) nucleus or a /3-dialkylaminomethyl group (61) has been substituted 
for the quinuclidine portion of the cinchonas have shown action on paramecia 
or antimalarial power, but no study of the antipneumococcic action has been 
reported. The preparation and testing of such relatively simple types of syn¬ 
thetic compounds opens an interesting field for future research. 

B. Modifications of the 6'-substituent ( R') in quinoline 

In the study of antimalarials and in testing the bacteriostatic action of com¬ 
pounds against pneumococcus, streptococcus, or staphylococcus, the 6'-sub- 
stituent in quinoline has been extensively varied. R' may be hydrogen, a 
phenolic hydroxyl, or an ether group. Cinchonas with an unsubstituted hy¬ 
drogen in the 6'-position have little antipneumococcic value (73). 

Phenolic derivatives are obtained when the 6'-methoxydihydrocinchonas 
undergo demethylation with boiling halogen acids or with 60 per cent sulfuric 
acid. In the vinyl series a shift of the double bond toward the quinuclidine 
nucleus takes place, so that the resulting phenolic substances have the ethylidene 
side chain of the apocinchonas (formula II). Apocupreine had no therapeutic 
action in cases of clinical pneumonia (72). 

In the alkylation of the phenolic cinchonas alkyl, alkoxyalkyl, aroxyalkyl, 
hydroxyalkyl, and (alkylamino)alkyl ethers have been studied. The remark¬ 
able antipneumococcic specificity of ethyldihydrocupreine (optochin) marks a 
maximal point in the dihydrocupreine series (83a). However, the ethoxyl 
group is not the only factor necessary, as shown by the fact that the dextro¬ 
rotatory isomer ethyldihydrocupreidine (prepared by Heidelberger and Jacobs 
(42a)) had little antipneumococcic action (10), and that ethylcupreine (with 
the vinyl side chain) was only one-fourth as effective as optochin (50, page 1003). 
High antipneumococcic action does mark ethylapocupreine (with an ethylidene 
side chain) (13,14, 22, 45, 52, 56, 72, 73, 76, 79, 80, 81, 89, 90). 

The 2-carbon and 3-carbon ethers of hydrocupreine and apocupreine have 
been the most effective against the pneumococcus, as will be apparent in later 
tables; higher homologous ethers showed a decreasing antipneumococcic power 
but indicated an optimal specificity against other pathogens in relation to the 
length of the ether chain. Because a rather extensive and systematic study has 
been made of variations of the ether grouping, the more detailed discussion is 
presented later. 
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C. Substitution in the quinoline ring of the cinchona: nitro , amino , and azo 

derivatives 

The quinoline nucleus of cinchonas should be subject to typical substitution 
reactions in the aromatic nucleus. The only modification of this sort as yet 
reported to give increased bactericidal power has been the introduction of 
aromatic azo groups, and most of these compounds have marked toxicity. 
Heidelbcrger and Jacobs prepared the 5'-nitro- and 5'-amino derivatives of 
dihydroquinine, optochin, and dihydroquinidine. Using 5'-aminodihydro- 
quinine as a starting point, these investigators obtained 5'-amino-8'-phenylazo-, 
5'-amino-8'-(p-sulfophenylazo)-, and 5'-hydroxy-8'-phenylazodihydroquinines 
(54c) as well as 5', 8'-diamino derivatives (54d). Both 5'-amino-8'-phenylazo- 
optochin and its dextro isomer were prepared. In coupling diazotized aromatic 
amines with the phenolic dihydrocupreine and dihydrocupreidine these in¬ 
vestigators obtained cinchona dyestuffs of which “many were highly bactericidal 
in vitro” (42b). Boyd found these azo dye derivatives toxic for canaries (5); he 
reports studies of toxicity, hemolytic action, and antimalarial action for a 
number of cinchona derivatives. Giemsa and Halberkann reported similar 
coupling reactions of aromatic diazo compounds with cupreine and dihydro¬ 
cupreine (32) and in 1933 presented an extensive chemical and chemotherapeu¬ 
tic report on compounds prepared and tested against malaria (33; 26, page 109). 
Buttle found 5'-sulfamidophenylazoapocupreine (16) of little value against the 
pneumococcus. At dilutions greater than 1:100,000, neither phenylazoapocu- 
preine nor its ethyl ether showed power against the pneumococcus. 8 Miura 
found no protective action with small doses of 5'-amino-8'-(sulfamidophenylazo)- 
ethylhydrocupreine (80). The 5'-amino group of aminodihydroquinine and 
aminooptochin has recently been used for the preparation of mustard oils 
(115); these derivatives have no antimalarial action. 

D. Reduction of the quinoline nucleus 

Jacobs and Heidelberger (54e) prepared hexahydrocinchonas by reduction 
of the quinoline ring with sodium and amyl alcohol or with zinc and hydrochloric 
acid. Boyd (5) found the products toxic and of lower antimalarial power than 
the unreduced substances. 

III. VARIATIONS OF THE SECONDARY ALCOHOL BRIDGE 

Many modifications of the secondary alcohol bridge at position 9 have been 
studied, but in general the changes are dystherapeutic. With regard to anti¬ 
malarial action, Henry (43, page 443) says that “every alteration so far made in 
that group has resulted in destruction of antimalarial action,” although simple 
esters such as eucupin are effective in vivo . Acetyl and other acyl esters have 
been made. The Japanese workers found 9-acetylethylapocupreine one- 
twentieth as effective in vitro as ethylapocupreine against the pneumococcus (52), 


* Unpublished work. 



56 ALICE G. RENFREW AND LEONARD H. CRETCHER 

and Maclachlan 4 found that diacetylapocupreine has less inhibiting action on the 
pneumococcus than apocupreine. 

The alcoholic hydroxyl group may be replaced by chlorine, on treatment with 
phosphorus pentachloride. Chlorine, in turn, may be replaced by hydrogen. 
Heidelberger and Jacobs studied the 9-chloro and 9-desoxy derivatives of opto- 
chin and its dextro isomer, but found these compounds “less bactericidal for the 
pneumococcus than the corresponding parent alkaloids” (42c). The 9-amino- 
quinine was prepared by Frankel (28) and 9-alkylaminoquinines by Altman (2) 
but were tested only against malaria. 

With chromic acid oxidation the alcohol group is converted to a ketone and, 
surprisingly, Cretcher and Renfrew (100) found that the cinchonas were con¬ 
verted to the corresponding ketones in fair yield during reaction with sodium 
amide. Dihydroquininone has little action against the pneumococcus (10) 
and no antimalarial action (43, page 443), but Morgenroth and Bumke (83) 
claim small antipneumococcic action in vitro for 9-ketooptochin. 

Cupreicine derivatives (formula IV) in which 1, 8 rupture of the quinuclidine 
ring has given 4'-quinolyl j3-(4-piperidyl)ethyl ketones are discussed under 
modifications of the quinuclidine nucleus. 

IV. VARIATIONS IN THE QUINUCLIDINE NUCLEUS 
A. Modification of the 3-substituent (R) 

In relation to antipneumococcic action both 3-ethyl and 3-ethylidene struc¬ 
tures are effective. To consider first the saturated side chain:—in the 
levo series the 3-ethyl substituent is much more effective than the vinyl group, 
as shown in the comparison of dihydroquinine and quinine (84), and the fact 
that ethyldihydrocupreine is about four times as effective as ethylcupreine 
(10, 73; 50, page 1003). The dihydrocinchonas are obtained in limited amount 
from the cinchona bark and may be readily prepared by reduction of the un¬ 
saturated alkaloids. On reduction of the ethylidene group of the apo structures 
(48), both the known dihydroalkaloid and a new epi-C 3 -dihydrocinchona are 
formed, but no test of such a derived cpi-C 3 -dihydrocinchona against the pneu¬ 
mococcus has been reported. 

Addition of water (10), hydrogen chloride (35), or hydrogen iodide (101, 
102) gives rise to Cio isomers, as noted in section I. Very low action in vitro 
has been reported for hydroxydihydroquinine (10). Halogen in the side chain 
slightly lessens the antipneumococcic action, as observed by the Japanese 
workers (81, 82). 

On oxidation of the vinyl group there is loss of the terminal carbon atom and 
formation of a carboxylic acid. The quitenine structure, ineffective of itself, 
regains antimalarial power on esterification of the carboxyl, as shown in a 
series of homologous esters tested by Goodson (36). Ethylquitenine is without 
power against the pneumococcus (10, 73). 


4 Unpublished work. 
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The 3-ethylidene group of the apocinchonas (formula II) seems to enhance 


CH 



antipneumococcic action and to lessen toxicity. Methylapocupreine (iso¬ 
quinine) is more effective than quinine or dihydroquinine (39, 89; also unpub¬ 
lished work); ethylapocupreine has about the same antipneumococcic action as 
optochin (13, 80, 89). The apocupreine (apoquinine) ethers have lower toxicity 
than the corresponding ethers of the hydrocupreine or cupreine series, as is 
apparent in the data cited by Maclachlan (56, 72, 73), Butler (10, 13), and 
Gundel and Seitz (39). Conversion of the vinyl group to an ethylidene group 
introduces the possibility of geometric isomerism. Of the two isomeric series 
only the ethers of apocupreine (6-13; 22, 38, 56, 68-73, 99, 100; 39, 67; 52, 76, 
79, 80, 81, 89, 90) have been tested in pneumonia studies, except for some in¬ 
complete reports by the Japanese workers (80). 

B . Quaternary salts 

The lowered bactericidal power of most quaternary salts in this series and 
of the iV-oxide derivatives of cinchonas is interpreted as emphasizing the rflle 
of tertiary nitrogen (86, 91) in the bactericidal action in cinchonas. 


It/W CH0H / 



/ 


ch 2 


ch 2 


R 


\ 


\ I ./ 


/ 


N 

C\ ^CHsCONHR! 

Ill 


The rubanol complex has two basic nitrogen atoms which make possible neu¬ 
tral and acid salts (57) and also serve for the formation of quaternary salts. 
The quinuclidine nitrogen is the first to be converted to the quinquevalent state. 
Heidelberger and Jacobs studied a great variety of cinchona quaternary salts, 
including a series of addition products of dihydroquinine with chloroacetanilide, 



58 


ALICE G. RENFREW AND LEONARD H. CRETCHER 


chloroacetylaminophenol, chloroacetyl-p-anisidine, chloroacetylaminopyrocate- 
chol, etc. (54a). Although the rather low protective action of dihydroquinine 
against the pneumococcus is enhanced in the hydroquinine quaternary salts 
(25, 86), it is apparent from table 1 that the bacteriostatic action against this 
organism remains at a low level whether the cinchona nucleus of itself is charac¬ 
terized by much or by little antipneumococcic power. p-Hydroxyacetanilide 
cinchonidinium chloride hydrochloride is bacteriostatic at 1:1 X 10 4 . 

Ishizaka (52) found ethylapocupreine bacteriostatic for pneumococcus at 
1:20,000, whereas the methochloride and the methoiodide were ineffective at 
1:1000; on the other hand, these quaternary salts retained the initial moderate 
effectiveness of the cinchona against streptococcus and staphylococcus (bac¬ 
teriostatic at 1:2000). 


TABLE 1 

Bacteriostatic activity of quaternary compounds of cinchonas against Pneumococcus II 


QUATERNARY DERIVATIVE AS A HYDROCHLORIDE 

active in vitro at 

CONCENTRATION OF 

INVESTIGATOR 

p-Chloroacctylaminophenol salt of: 

Dihydroquininc. j 

Optochin. 

1:4 X 10 4 

1:5 X 10 4 

1:4 X 10 4 

1:5 X 10 4 

1:12 X 10 4 

1:8 X 10 4 

1:8 X 10 4 

1:1 X 10 4 

Felton (25) 

Maclachlan et al. (18) 
Morgenroth (86) 
Maclachlan et al. (18) 

Felton (25) 

Morgenroth (86) 
Morgenroth (86) 
Maclachlan et al. (18) 

Hydroxyethylapocupreine*. 

p-Chloroacetanilide salt of: 

Dihydroquinine. j 

Optochin. 

Hydroxyethylapocupreine. 



* p-Hydroxyacctanilide hydroxyethylapocupreinium chloride hydrochloride. 


G. Nitrogen-oxide derivatives 

In view of the theories associating bactericidal action with oxidation potential 
or intermediate oxidation products (105), the N- oxides of the cinchonas (formed 
on the quinuclidine nitrogen) should be of interest. However, the A-oxides 
show less power than the unmodified bases against the malarial parasite (91) 
or against pneumococci. 5 

D. Fission of the quinuclidine ring at the 1 y 8-position (cupreicine derivatives) 


/^COCHjCH,— CH 
/ \ 



H*C 

h,A 




CHR 

CH, 


IV 


i Unpublished work. 
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Hydrolysis of the 1,8-linkage of the quinuclidine ring leads to compounds of 
low bacteriostatic power and considerable toxicity (99). Neither reduction of 
the keto group to give an asymmetric secondary alcohol (42e), nor restoration 
of a tertiary character to the nitrogen by replacement of the hydrogen of the 
piperidyl NH group with an alkyl group (42d, 42e) produces active compounds. 
The introduction of the sulfanilyl radical on the piperidine nitrogen gave com¬ 
pounds without value against the pneumococcus (99). 6 In considering the 
significance of the 1,8-fission with regard to the correlation of structure and 
antipneumococcic action, it is important to remember that conversion of the 
quinuclidine to a piperidine ring is not invariably dystherapeutic, as shown by 
the antimalarial effectiveness of niquine and niquidine (31, 108b) and of 4'- 
(6'-methoxyquinolyl)-2-piperidylcarbinol (synthesized by Ainley and King (1)). 

Fission of the 1,2-linkage ( niquine , niquidine , cinchonhydrines ): The fission 
of the 1,2-linkage to form niquine or niquidine has been formulated clearly only 
recently. As early as 1890 Skraup observed that when the vinyl side chain of 
quinine had been saturated by the addition of hydrogen iodide or hydrogen 
bromide, subsequent removal of the halogen acid gave “isoquinine” (formula II) 
and niquine (formula V). L6ger (66) has studied these transformations es¬ 
pecially in the cinehonidme-cinchonine series, where the niquine analogs are 
called cinchonhydrines; and very recently Gibbs and Henry (31) have shown 
that the formation of niquine or niquidine involves splitting of the 1,2-linkage 
with loss of a methylene group as formaldehyde. The resultant structure is 
shown in formula V. 


p/AA\ CHCH—CHCH. 

K| Y 1 CIIOH / \ 




Buttle el al. (14) report that niquidine has the highest antimalarial action of any 
of the d-compounds. Although niquine has no effective action against the 
pneumococcus, nothing is known as yet of the action of the stereoisomers or 
of the action of higher homologous ethers. Niquidine, like the cupreicines, has 
a piperidine ring, but the short carbinol bridge to the a-position of this ring is 
similar to the cinchona linkage. 


V. DETAILED STUDY OF VARIATIONS IN THE ETHER GROUPING 

Inasmuch as the most useful variations in the bacteriostatic action of the 
cinchona molecule have been associated with changes of R' and R, it has seemed 
desirable to discuss these groups in some detail. Tables 2, 3, and 4 present 

• Crystalline addition compounds of cinchona alkaloids with sulfanilamide were not more 
effective than the individual components (109). 
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some of the comparative evaluations of the action in vitro and of the toxicity of 
apocupreine ethers and certain related compounds. To minimize the effect of 
differences in the methods of obtaining biological data, the numerical values 
have been taken only from studies made by Maclachlan and his coworkers, 
but references to other investigators are included and, in general, the findings 
have been similar. 


TABLE 2 


Bacterio8tasi8 against Pneumococcus II 


COMPOUND* 

FORMULA 

CONCENTRATION 
OF DRUG 

REFERENCE 

fl-Hydroxy-n-butyl-. 

n-HOC 4 Hg— 



/3-Hydroxy-n-propyl-. 

CIIjCIIOHCIIj— 

1:0.5 to 2 


/3-Kcto-n-propyl-. 

OII 3 COCH 2 — 

X 10‘ 


/3-Methyl-0-hydroxy-n-propyl-. . . 

(C1I 3 ) 2 C(0H)CH 2 — 



Methyl-. 

ch 3 — 



Butoxycthyl-. 

c 4 ii 8 oc 2 h 4 — 


(39) 

8-Alkoxyquinolines. 




/3-IIydroxy ethyl-. 

iiooh 2 cii 2 — 



0, jfl'-Di hy droxyisopropyl-. 

(IIOCII 2 )iCH— 

1:3 X 10 5 


Phenoxyethyl-. 

r 6 li 6 OC 2 II 4 — 



«-Methyl-/3-hydroxy-n-propyl- .. 

CII>C1I01I(CH*)0H— 



«-Methylol-n-propyl-. 

CHiClI*(CH*OII)CII— 

1:4 X 10* 1 


n-Butyl-. 

w-C 4 lI 8 — 


(14, 67) 

Amyl- (four isomers). 

C.Hn- 


(14, 52, 67, 81, 




90) 

8-Hydroxyquinoline. 



(11, 37; 111, p. 




33) 

Ethyl-. 

C 2 II 6 - 


(13, 14, 22, 45, 

/3-Chloroethyl- . 

cicyi 4 — 


52, 56, 72,73, 

7 -lIydroxy-n-propyl-. 

HOCsIL— 


76, 79, 80,81, 

scc-Butyl-. 

CII 8 ClI a (CIl3)CH— 

1:8 X 10 6 

89, 90) 

n-Amyl-. 

7t—C al In— 


(14, 67) 

a-Mcthyl-|3-hydroxyethyl-. 

IIOCII 2 (CII 3 )CH— 



n-Propyl-. 

n-C.Hr- 


(14, 67) 

Isopropyl-. 

(CH|)*CH— 

1:16 X 10 6 

(14, 52, 67) 

Isobutyl-. 

(CH,) 2 CIICH,— 


(52) 


* The compounds listed are ethers of apocupreine dihydrochloride except as indicated 
and arc entered according to the maximum dilution effecting complete bacteriostasis in 
vitro. 


Bacteriostasis (table 2) 

Most of the compounds indicated in table 2 are apocupreine ethers. These 
compounds are listed according to bacteriostatic action in vitro. The dilution 
of the drug is given as 1 part in n X 10 6 . In the cinchona series the protective 
value of a compound seems roughly to parallel the antipneumococcic action 
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in vitro.. Both experimental and clinical experience show that the bacterio¬ 
static action is effective against all types of pneumococcus—with more variation 
with reference to different strains than to difference in type ( 6 , 56). 

It is apparent from table 2 that of the ethyl, propyl, butyl, and amyl ethers 
tested, the greatest antipneumococcic power is associated with 2 -carbon and 3 - 
carbon ethers. This corresponds with Morgenrotil’s finding the maximal 
action against the pneumococcus shown by ethyldihydrocuprcino in the dihy¬ 
drocupreine series. There is as yet no apparent correlation of effectiveness 
with the position at which branching occurs in the higher alkyl ether groupings. 
The apocupreine series thus far prepared is too brief to allow comparison with 
the antimalarial studies of Buttle et al. (14) and Magidson and Strukov (74), 
who observed a rise and fall of antimalarial action characterizing the n-alkyl 
ethers in separate series of odd- and even-numbered carbon chains. The higher 
alkyl apocupreine ethers have some action against streptococcus and staphylo¬ 
coccus (52, 81; also unpublished work), and it will be remembered that Morgen- 
roth (85) found the highest bactericidal action for streptococcus in isooctyldi- 
hydrocupreine (vuzin) and for staphylococcus in isoamyldihydrocupreine 
(eucupin). In vitro action of hydroxyethylapocupreine against streptococcus 
has been reported (113). Ishizaka (52) found isooctylapocupreine only one- 
sixteenth as powerful as ethylapoeupreine against the pneumococcus. 

Modified alkyl ethers were prepared by Slotta and Behnisch (106), who 
alkylated dihydrocupreine with dialkylaminoalkyl halides to introduce a basic 
ether group similar to the side chain of plasmoquin and atabrin. Growth of 
pneumococci was inhibited for 8 hr. by 7 -dimethylaminoisoamyldihydroeuproine 
at a concentration of 1:200,000 with partial inhibition for 24 hr.; other alkyl- 
aminoalkyl ethers were less effective. Alkoxyalkyl ethers 7 and aroxyalkyl ethers 
are represented in the table by butoxyethyl-, phenoxyethyl-, and benzyloxy- 
ethyl-apocupreines, which were not found effective against the pneumococcus, 
although other modifications of the alkyl ether were more successful. Halogen 
substitution in the alkyl group did not greatly alter the properties of the com¬ 
pound; this is still under investigation. There lias not been enough study to 
allow generalizations with regard to varying the position of the hydroxyl or 
ketone group. 

The study of hydroxyalkyl ethers was undertaken in an attempt so to modify 
cinchona derivatives that the antipneumococcic power would be retained but 
host toxicity lessened. When tested in the barbituric acid series, the replace¬ 
ment of alkyl groups by hydroxyalkyl groups had greatly lowered toxicity ( 21 ). 
It seemed a plausible speculation that modification of the hydrocarbon character 
of the ether groupings of cinchonas might alter the lipoid-water distribution in 
the direction of water solubility and in this manner avoid the tendency to eye 
damage which has prevented generalized use of optochin. That hydroxylation 
did lower animal toxicity is apparent from table 3, in the comparison of hy¬ 
droxyalkyl ethers with the parent alkyl ethers. The absence of eye damage in 

7 The report of a study of alkylthioalkyl apocupreine ethers by Tipson and Cretcher 
is in preas. 
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dogs receiving massive doses (22) and the complete absence of any eye symptoms 
in a large group of clinical cases treated with hydroxyethylapocupreine (71) 
are evidence of the definite modification in physiological properties which may 
accompany a small change in chemical structure. That this change also brought 
somewhat lowered antipneumococcic action is evident in the data of table 2. 

Toxicity (tables 3 and 4) 

The toxicity data given in table 3 are for intraperitoneal tests. The doses 
reported as L.D. 50 are milligrams of drug lethal to 50 per cent of the animals 
(20-g. mice). As indicated for hydroxyethylapocupreine, the L.D. 50 on an 
oral basis may be six times as large as the intraperitoneal value. It will be 
noted that the higher homologous alkyl ethers (butyl and amyl) show greater 
toxicity. The effect of hydroxylation on toxicity and action in vitro is sum¬ 
marised in table 4 for the ethyl and isopropyl ethers of apocupreine, to empha¬ 
size the remarkable changes in selectivity brought about by slight changes in a 
large cinchona molecule. 

Animal protection 

Ethylhydrocupreine, ethylapocupreine, hydroxyethylhydrocupreine, and hy¬ 
droxyethylapocupreine have protective power when tested in experimental 
mouse pneumonias (56, 73). 0-Isoquinine gave some protection in vivo (39), 
although considerably less than hydroxyethylapocupreine. 8 The action of 
ethylapocupreine in mouse protection has been reported by various investiga¬ 
tors (39, 56, 73, 76, 80, 89); Liebetruth (67) found power in vivo noticeably 
decreased in the higher n-alkyl apocupreine ethers. In 1940 Bracken (6) found 
comparable protection against virulent pneumococci with hydroxyethylapo¬ 
cupreine or sulfapyridine in equal doses; in mouse protection experiments the 
use of either chemical enhanced the protective action of the other. 

Pharmacology 

The pharmacology of the cinchonas has been reviewed in considerable detail 
by von Oettingen (111) and other authors (27, 50, 63, 65, 87, 107). Kruse 
(64, 69) found that hydroxyethylapocupreine is less toxic to the circulation and 
respiration of the dog than are quinine or quinidine. Dawson et al. (22) reported 
the ophthalmoscopic examination and histologic study of the eyes of dogs 
subcutaneously injected with large doses of cinchona ethers. They observed 
that in massive doses quinine and the alkyl ethers caused a destruction of cells 
in the ganglionic layer; comparable dosage with hydroxyethylapocupreine caused 
no demonstrable damage. 

Clinical studies 

Interesting observations have been made in the course of the clinical study of 
apocupreine, ethylapocupreine, and hydroxyethylapocupreine. Although in 
some tests apocupreine had shown bacteriostasis in vitro and protective action 


Unpublished work. 
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for mice, it has no therapeutic action in clinical trial. Ethylapocupreine was 
not acceptable clinically because of temporary eye damage to some individuals; 


TABLE 3 

Intraperitoneal toxicity 


COMPOUND* 


n-C,Hr-. 

C 4 H 9 — (three isomers) 
C|Hn— (five isomers). 
Ethylapocupreicine.... 
8 -Hydroxyquinoline. .. 
C 6 H 4 OC 2 H 4 —. 

Ethylhydrocuprcinc. .. 

C1C 2 H 4 —. 

(CHi)iCH—. 

C*H|—. 


Quinine. 

(CHj) 2 C(OH)CH 2 —... 
CII,CHOH(CH,)CII— 
n-HOC 4 H 8 —. 


n-HOC 8 H«—. 

CH,CH 2 (CH 2 OH)CH— 

CH 3 COCH 2 —. 

IIOCH 2 CH 2 —X . 

HOCHj(CHi)CH—. ... 
CHiCIIOHCH*—. 


* Ethers of apocupreine dihydrochloride except as indicated, 
f Dose in milligrams for a 20-g. mouse, 
t Oral toxicity: L.D. 50 — 40 mg. 


APPROXIMATE L.D. 50f 


milligrams 

2-3 

2-3 

2-3 

2-3 

2-3 

2-3 


4-5 

4-5 

4-5 

4-5 

5 

5 + 

5+ 

5 + 


fi -8 

6-8 

6-8 

6-8 

6-8 

6-8 


TABLE 4 


Effect of hydroxylation on toxicity and action in vitro 


ETIIERS OF APOCUPREINE 

TOXICITY 

approx. L.D. 50 

BACTE110STA8IS 
CONCENTRATION OF DRUO 

C 2 H 4 —. 

milligrams 

4 

1:8 X 10* 

HOC*H 4 — . 

7 

1:3 X 10* 

(CH,) a CH—. 

4 

1:16 X 10* 

HOCHiCH (CHi)—. 

7 

1:16 X 10* 

(HOCH 2 ) 2 CH—. 

9 

1:3 X 10* 



hence other derivatives were sought. The clinical use of hydroxyethylapo- 
cupreine in over six hundred cases of pneumococcic pneumonia with good results 
has been reported by Maclachlan (71) and his associates. The cases included 
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many types of pneumococcus (6). The use of the drug does not interfere with 
the typing of the pneumococcus and no visual disturbance has been observed 
with any patient; there is “no evidence that the leucocytes are depressed, and 
ear symptoms do not occur.” In direct topical application, hydroxyethylapocu- 
preine monohydrochloride has been found highly effective in treating pneumo- 
coccic conjunctivitis (69) and very satisfactory results have been obtained in 
routine use of an aqueous solution of the dihydrochloride in treating pharyn¬ 
gitis. 9 


VI. SYNTHETIC ANALOGS 

In developing methods for the synthesis of aza-bicyclic compounds, Prelog 

(95) has synthesized the simple quinuclidinc. Clemo and Metcalfe (19a) syn¬ 
thesized 3-ketoquinuclidine. No biological testing of these simple units has 
been reported. Clemo and Iloggarth (19b) found 7-ketoruban to be without 
antimalarial action, but this compound lacks the secondary alcohol group and 
the methoxyl substituent in the quinoline nucleus. Both Rabe (98) and Prolog 

(96) have recently synthesized isomeric 6'-methoxyruban-9-ols, but Rabe re¬ 
ports absence of antimalarial action in any of the four isomers, whereas Prelog 
reports power similar to quinine in the treatment of bird malaria with the 6'- 
methoxyrubanol. 

That cyclic units other than quinuclidine may serve as the “second half” 
of cinchona analogs possessing therapeutic properties is apparent from the 
properties of niquidinc (formula V), which is a substituted quinolyl-2-piperidyl- 
carbinol (31, 108b). Ainley and King (1) found that the synthetic 4'-(6'- 
methoxyquinolyl)-2-piperidylcarbinol had considerable antimalarial action in 
bird malaria and suggest “that the piperidine ring system should be as near the 
quinoline ring system as possible, consistent with retention of the carbinol 
group.” The effectiveness of these a-piperidinc derivatives is in sharp contrast 
to the absence of antimalarial power in cupreicine ethers (formula IV). In 
1917 Karrer (60) synthesized 4'-(6'-methoxyquinolyl)-2-pyrrylcarbinol and de¬ 
scribed it as having action of the same order as quinine on paramecia. In 
studying even simpler compounds which had an ethanol bridge linking 6'- 
methoxyquinoline with tertiary amines, King and Work (61) found that these 
structures had small antimalarial power. 

CONCLUSION 

Thus far the alkoxyquinoline and alkyl-substituted quinuclidinc nuclei, 
bound together by a secondary alcohol bridge, appear to be a necessary basis 
for antipneumococcic activity in the cinchona series. Maximum activity 
seems to be shown by the ethyl and isopropyl alkyl ethers. Some types of 
substitution in the alkyl ether group modify, without wholly changing, the 
bactericidal and physiological properties. The quinuclidine side chain may 
be ethyl (e.g., of hydrocupreine) or ethylidene (e.g., of apocupreine); greater 
antipneumococcic action appears to be associated with the ethylidene group. 


9 Unpublished work. 
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The steric configuration of the molecule is a factor, and it is probable that linkage 
at the a-carbon atom of the quinuclidine nucleus is important. 

The fact that certain recently prepared cinchona analogs possess antimalarial 
action suggests that the quinuclidine nucleus may be replaced by other cyclic 
nitrogen components. The short secondary alcohol bridge between the two 
nitrogen units and the spatial arrangement of the linkage at the a-carbon atom 
of the non-aromatic nitrogen group appear to be important factors in the proper¬ 
ties of these compounds. 

The authors desire to express their appreciation to Dr. R. Stuart Tipson for 
helpful suggestions and criticism in the preparation of this manuscript. 
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I. INTRODUCTION 


In 1866, Baeyer and Knop (26), in the course of a study of the structure of 
indigo, reduced isatin and obtained two products, CsH 7 N 02 and CsHNyO 
(dioxindole and oxindole), which they regarded as hydroxy derivatives of 
CsHyN; they named the latter “indole”. The work was continued by Baeyer 
and Emmerling (24), who proposed in 1869 the formula which is generally 
accepted: 


NH 

/\/ x 

v 



Indole 


This structure was suggested largely as a result of synthetic methods of prepa¬ 
ration of the compound by fusion of a mixture of nitrocinnamic acid, iron filings, 
and sodium hydroxide, and by the action of lead peroxide upon azocinnamic acid. 
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A system of nomenclature was devised by Baeyer (20), and used by Fischer 
(121), in order to differentiate the derivatives of indole. This system was cum¬ 
bersome, involving independent numerical designations for each ring. Current 
practice is to use numbers, with the nitrogen atom as 1, and with clockwise 
assignment of numbers to the positions in the formula shown above. The 2- and 
3-positions are occasionally referred to as the a- and 0-positions, respectively. 

Indole derivatives occur widespread in many natural products. Indole itself 
has been obtained, usually in small amounts, by extraction from naturally occur¬ 
ring materials by methods which suggest that the indole so obtained is in many 
cases the result of breakdown of its derivatives. Various plants have yielded 
indole, among them the following: Robinia psendacacia (107), the jasmines 
(68, 170, 363), certain citrus plants (344), and orange blossoms (171). The 
usual procedure is to extract the blossoms repeatedly with a suitable solvent, 
followed by distillation of the extract. In this way, Hesse and Zeitschel (171) 
obtained about 0.1 per cent of indole from orange-blossom oil, while Hesse (170) 
isolated 2.5 per cent from jasmine. Herter (167) also found indole in the wood 
of Celtis reticulosa . 

Indole is also found after putrefactive processes have taken place. It is found 
in the animal body wherever pus formation occurs (321) and in the liver and 
pancreas (278), the brain (371), and bile (111). It is formed in the putrefaction 
of milk (408), of blood fibrin (284, 347, 394), of albumin (36), and possibly of 
vegetable protein (170). Formation of indole from albumin may be stopped by 
the addition of lactose, while other sugars have varying effects upon its produc¬ 
tion (173, 355). The formation of indole is presumably the result of the decom¬ 
position of tryptophan in these cases of putrefaction of protein material. 

Indole has also been found to be present in coal tar in the fraction boiling 
between 240° and 260°C. (396), from which it may be isolated as its solid sodium 
or potassium derivative after treatment with sodium amide, sodium, or potas¬ 
sium hydroxide. Homologous indole derivatives can also be obtained from coal 
tar (240). Molasses tar has also yielded some of the base (50). 

II. SYNTHESES OF INDOLE 

Indole was first prepared synthetically by Baeyer (15); he oxidized indigo to 
obtain isatin, reduced the isatin to dioxindole and oxindole using zinc dust, and 
further reduced oxindole to indole by passing its vapors over hot zinc oxide. 
Also, Baeyer (17) reduced 2,3-dichloroindole to indole. 

Indoxyl, reduced by sodium amalgam, by zinc dust and alkali (387), or cata- 
lytically (187), yields indole. Dihydroindole can be obtained by the electrolytic 
reduction of the sulfur analog of oxindole; this in turn yields indole upon being 
dehydrogenated (376). 

In the preparation of synthetic indigo by the method involving the fusion of 
phenylglycine or its o-carboxylic acid with sodium hydroxide, if the melt is 
“over-melted” a small amount of indole is obtained (89). This melt also yields 
indole when a metal such as sodium or iron is added at 300°C. (90). By adding 
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sodium amalgam or zinc dust to the alkaline melt of indoxylic acid at 60-70°C. a 
fairly good yield of indole was obtained by Vorliinder and Apelt (387). 

More generally applicable methods of synthesis of indole and its derivatives 
involve ring closures to form the pyrrole side ring. Among these various 
methods, the Fischer procedure (see section IV B) is the most versatile for the 
preparation of derivatives. This method, discovered by E. Fischer and Jourdan 
(126) in 1883, involves in general the loss of ammonia from phenylhydrazones. 
Thus, the phenylhydrazone of pyruvic acid yields indole-2-carboxylic acid (91) 
and this upon decarboxylation gives indole (i ride infra). It would be expected 
that acetaldehyde phenylhydrazone would form indole; this is not realized. 

Other syntheses, which like the Fischer synthesis involve ring closure by the 
reaction of a carbon group with the ortho position, follow. Berlinerblau (42, 
43, 283) employed aniline and a,/3-dichloroethyl ether according to the follow¬ 
ing scheme: 

(C1CH 2 CHC10C 2 H b C1CH 2 CH0) 

2C 6 H b NH 2 + C1CH 2 CH0 -> C 6 HbNHCH=CIINIIC 6 IIb -> indole 

Also, Prud’homme (323) used a somewhat analogous procedure with aniline and 
ethylene dibromide as the initial reactants: 

C e H B NHCH 2 CH 2 NHC 6 Il6 C«HtNHCH—CIlNHGiUi indole 

Polikier (317) heated the dianilidc of tartaric acid with zinc chloride to obtain 
indole; dianilinosuccinanilide was an intermediate. The calcium salt of phenyl- 
glycine when heated with excess of calcium formate gave indole in very small 
yield (264); the product was isolated as the picratc. Distilling o-chloro-w-chloro- 
acetanilidc with zinc dust yielded small amounts of indole (352). Baeyer found 
that indole was formed when vapors of ethylaniline were led through hot 
tubes (22). 

A rather large number of methods have been described in which ring closure is 
accomplished by reaction of a carbon group, attached to the benzene ring, with a 
nitro group, an amino group, or a substituted amino group at the ortho position. 
Gluud (144, 146) synthesized o-aldehydophenylglycine and effected ring closure 
(and decarboxylation of the intermediate indole-2-carboxylic acid) by heating 
the compound in acetic anhydride containing sodium acetate. A similar pro¬ 
cedure (145) also gave indole. Verley (385) treated A'-aldehydo-o-toluidine 
with sodium amide and obtained indole. The distillation of oxal-o-toluic acid 
with zinc dust, or dry distillation of the barium salt, gives indole (263). Also, 
A-methyl-o-toluidine, dropped on reduced nickel at 300-330°C., produces small 
yields of indole (65, 66, 67); other alkyltoluidines (23) also yield indoles. 

A series of methods involving substituted cinnamic acids, styrenes, stilbenes, 
and analogous compounds as starting materials are described in the literature; 
examples follow. Lipp’s indole synthesis involves the heating of o-amino-w- 
chlorostyrene with sodium ethylate; reduction of the nitro group and ring closure 
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result (249). Weermann (392, 393; also 93) has prepared indole by the use of 
o-nitrocinnamide as follows: 


o-N0 2 C 6 H 4 CH=CHCONH 2 


KOCl^ 

cii 3 6eT 


o-N() 2 c 6 ii 4 ch=ghnhcoocii 3 


Fe 

CHiCOOlT 


o-NII 2 C 6 II4CII=CHXIICOOCIIj K —^ indole 


A quantitative yield of indole is reported when o ,o'-di aminos til bene hydrochloride 
is heated under reduced pressure (94, 379). Baeyer and Emmerling (24) and 
Beilstein and Kuhlberg (39) prepared indole from o-nitrocinnamic acid. Reduc¬ 
tion of o-nitrophcnylacetaldehyde yields indole (392). Also, o-nitrophenyl- 
pyruvic acid has been converted into indole-2-carboxylic acid by Rcissert (332), 
Kermack, Perkin, and Robinson (222), and Polyakov (320). Pschorr and 
Hoppe (324) prepared 2-aminoindole from o-nitrophenylacetic acid; this was 
converted into indole by reduction with sodium and alcohol. Indole may also 
be obtained from o,w-dinitrostyrene (206, 384). Walter (390) prepared it by 
treating acetylated o-aminocinnamic acid with fuming hydrochloric acid at high 
temperatures. Some indole is obtained from o-aminophenylpropiolic acid (336). 

A variety of miscellaneous methods have also been reported. In some of these 
cases rather strenuous treatment is involved, and for many the yields are not 
good. In summary, however, the following examples arc cited: Morgan (274) 
provided one of the earliest syntheses of indole by his fusion of carbostyril with 
alkali. Hofmann and Konigs (175) obtained indole and quinoline as the prod¬ 
ucts resulting from the high-temperature treatment of tetrahydroquinoline or 
methyltetrahydroquinoline. Fusion of albumin with potassium hydroxide 
yields indole, skatole, and other products (108, 243, 280); similarly strychnine 
yields indole (151, 250). Also, indole-2-carboxylic acid (75), and quinoline-2,3- 
dicarboxylic acid (153), when heated with calcium carbonate give indole. Keto- 
dihydrobcnzenc-p-thiazine (383) with a red-hot mixture of zinc and copper 
powders yields some indole. Acetylene and aniline (257) passed over metallic 
or oxide catalysts form indole. 

Also, Fileti (120) obtained indole by passing the vapor of cumidine over hot 
lead oxide, and by distilling skatole over hot porcelain chips. Widmann (399) 
distilled 3-nitro-4-isopropenylbenzoic acid with lime and obtained a small yield 
of indole. 

Tripyrroline (85) and pyrrole (84) have been converted into indole. 


III. PROPERTIES OF INDOLE 
A . Miscellaneous 

Indole is a colorless crystalline solid in the form of shining leaflets. It melts 
at 52°C. and boils at 253°C. (corr.) at 762 mm. It is volatile with steam. It is 
soluble in hot water and in hot alcohol, and is also soluble in ether and in benzene. 
The compound in the impure state has an unpleasant odor. 
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Indole is very feebly basic. Generally it tends to form resin-like materials 
when heated with acid; heating the hydrochloric acid solution of indole yields 
an orange resin, which upon precipitation with water from its alcohol solution is 
converted to a flocculent white precipitate (75). 

Mild oxidation of indole leads in most instances to the formation of indigo. 
Thus, indigo is formed from indole by the action of air in the presence of sulfite 
or bisulfite (95, 279), by monopersulfurie acid (Caro’s acid) (9G), by hydrogen 
peroxide (322), and by ozone (279). On the other hand, chromic acid causes the 
precipitation of a dark violet-brown solid, which is dissolved by concentrated 
hydrochloric acid with a color change to green (109). Also, a gray-green powder 
is obtained as a result of the action of ferric chloride upon indole (244). 

Indole yields 3-nitrosoindolc through the action of sodium nitrite and acetic 
acid (279) or of amyl nitrite and sodium ethylate (5, 414, 118). Through migra¬ 
tion of the hydrogen atom from position 1, this product exists largely as the 
isomeric 3-oxime. 

Treatment of indole with acetic anhydride yields 1-acetyl- and 1,3-diacetyl- 
indoles (415). Chloroform and sodium ethylate, or alkali, produce a mixture 
of indole-3-aldehyde and 3-ehloroquinoline (101). 

Indole reacts to form a sodium derivative with metallic sodium or sodium 
amide and a potassium derivative with potassium hydroxide (396). This 
reaction is used in separating indole from the other constituents found in the 
portion of coal tar boiling at 240-260°C. (141). 

Also, indole will condense with aldehydes in the molecular ratio of 2 to 1 (179) 
and similarly with acetone (350). 

B. Reduction 

Indole is readily converted to 2,3-dihydroindolc by electrolytic reduction or 
by catalytic hydrogenation. Carrasco (64) and v. Braun and Sobecki (55) have 
prepared the dihydroindole elcctrolytically. Catalytic reduction methods re¬ 
ported have made use most commonly of platinum, nickel, nickel salts, copper, or 
copper salts. 

Catalytic hydrogenation under pressure produces first the dihydroindole, but 
absorption of hydrogen may continue, to form either octahydroindole or an 
aniline derivative if the pyrrole ring is fractured. The latter cfTect predomi¬ 
nates if nickel is the catalyst. Thus, Willstatter, Seitz, and v. Braun (406) 
found that with a nickel catalyst at 225°C. no octahydroindole was formed, but 
that continued hydrogenation past the dihydro stage yielded 1-ethy 1-2-amino- 
cyclohexane, which v. Braun, Bayer, and I Messing (54) had erroneously thought 
to be octahydroindole. The true octahydroindole was obtained by Willstatter 
and Jaquet (405), who used platinum as the catalyst. The use of copper cata¬ 
lysts gives good yields of dihydroindolc (188). 

Treatment of molten indole at 200°C. with hydrogen in the presence of reduced 
nickel gives o-toluidine (65, 66). 

C . Nitration 

The simple nitro derivatives of indole are not obtained through direct nitration 
but are prepared by indirect methods such as those of Fischer (see section IV B) 
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by the use of the Japp and Klingemann reaction (210, 211, 259). Oxidation of 
the nitrosoindoles will yield the corresponding nitro derivatives (4, 6). 3-Nitro- 
indole, which cannot be obtained from indole by the use of nitric acid, may be 
prepared by the action of ethyl nitrate and sodium ethylate upon indole (6). 

Nencki (279) treated a saturated aqueous solution of indole with fuming nitric 
acid and obtained a dark red solid which he designated as a “nitrosoindole 
nitrate” CicHi 3 (N 0 )N 2 *HN 03 . This product does not react like a true nitroso 
compound, nor does it give a positive Liebermann reaction (417). 

D. Halogenation 

Direct chlorination and bromination to yield indoles substituted in the ben¬ 
zene nucleus is not feasible; indirect methods of synthesis are necessary, as in the 
case of the nitro derivatives. Sulfuryl chloride, however, reacts to form 
2-chloroindole (265). The addition of iodine in potassium iodide to the aqueous 
or alcoholic solution of indole causes the precipitation of 3-iodoindole (293, 295); 
in the presence of sodium bicarbonate this method yields indigo (295) also. 
Addition of bromine water to indole causes merely the appearance of a non- 
crystalline turbidity (35). 


E. Alkylation 


The alkylation of indole has been studied very thoroughly (71), the earliest 
investigations being those of E. Fischer (127,130,131). The difficulties encoun¬ 
tered at first in ascribing structural formulas to the products were solved by the 
work of Brunner (56, 57, 58, 59) and of Plancher (73, 307, 311, 312,313). It was 
assumed at first that methylation yielded a dihydroquinolinc, but this conclusion 
was abandoned when it was shown that the 2,3-dimethylindole is first formed 
and that shifting of the hydrogen atom from the 1- to the 3-position allows fur¬ 
ther alkylation: 


Nil 

n/ VlCHa 
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-CCH» 
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/V' ^CCIL 
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F. Chemical 'properties aiding in detection and identification 

The pine-splinter test of Baeyer (16) consists in dipping a pine shaving into an 
alcoholic solution of indole which has been saturated with hydrogen chloride; 
the wood takes on a cherry-red coloration which changes to a brownish red. 
This effect is not given by indolecarboxylic acids or by 2- and 3-alkyl-substituted 
indoles (121). Ehrlich’s sensitive test (98), which is suitable for the detection 
of indole in bacterial cultures and in plants, involves the addition of the solution 
being tested to a 2 per cent solution of p-dimethylaminobenzaldehyde; hydro¬ 
chloric acid is added dropwise. The presence of indole is shown by the appear- 
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ance of a red coloration. Herter and Foster (168) have devised another color 
test: a 2 per cent solution of sodium 0-naphthoquinonesulfonatc is added to an 
alkaline solution of indole, whereupon a blue-green coloration results; concen¬ 
tration of the solution yields blue crystals. A quantitative determination of 
indole by color comparison with standard solutions is based upon this method. 
Further, a sodium nitroprusside test (345, 353) involves adding that reagent to 
an indole solution; addition of alkali then causes the appearance of a deep violet- 
blue, which in turn upon acidification produces a pure blue. 

An indole-containing solution when treated with concentrated sulfuric acid 
and formaldehyde gives a violet-red coloration (233). Other aldehydes may be 
substituted for formaldehyde in this test with the production of various colors 
(see table 1). Other aliphatic aldehydes also may be used (156). 

Oxalic acid melted with indole produces a crimson material which remains 
stable in aqueous solution and is changed only slightly by alkali (147). Sugars 
(136, 391) give color effects upon treatment with hydrochloric acid in the pres- 

TABLE 1 


Colors produced by the reaction of indole with aldehydes 


ALDEHYDE 

COLOR PRODUCED 

REFERENCES 

Glyoxylic acid. 

Red 

Orange 

Orange 

Red 

Orange-red 

Orange-red 

Greenish yellow 

Red 

(81, 135) 
(277, 370) 
(135) 

(48) 

(48) 

(48) 

(48) 

(48) 

Vanillin. 

Furfural. 

p-Nitrobenzaldehyde. 

Protocatechuie aldehyde. 

Piperonal. 

Safrole. 

Cinnamaldehyde. 



ence of indole. Many other color reactions have also been found to indicate the 
presence of indole (sec, for example, references 75, 76, 149, 273). 

The formation of a picrate is suitable for the identification of indole (170); 
the picrate was first described by Baeyer (18, 23) as consisting of long red 
glistening needles soluble to an extent in benzene. Compounds are formed by 
indole with sym-trinitrobenzene (341), with sodium bisulfite (170), and with 
sarcosine anhydride (298). 

Pauly and Gunderraann (295) have found that a determination of indole by 
iodimetry appears to be feasible for skatole-free solutions of indole. 

IV. SIMPLE DERIVATIVES OF INDOLE 

A. General description 

All indole derivatives show certain family resemblances to indole (121), but 
striking changes can be brought about by substitution of groups in the pyrrole 
ring. Thus, the fecal-like odor of skatole is the most pronounced of all the 
methylindoles, less pronounced for the 2-methylindole and the 2,3-dimethyl- 
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indole; 1-methylindole, on the other hand, resembles methylaniline in odor. 
Introduction of carboxyl groups or phenolic hydroxyl groups causes elimination 
of the odor, and the naphthindoles are also without odor. 

All the common indole derivatives, like indole, form well-defined crystalline 
picrates, yellow to red in color. Formation of picrates is usually a suitable 
procedure for identification and purification. 

The pine-splinter tot is given in varying degrees of sharpness and with the 
production of various colors by most indoles, failing, however, with indole- 
carboxylic acids and dialkylindoles having alkyl groups substituted in both the 
2- and the 3-positions. Other alkyl derivatives give a cherry-red, while aryl- 
indoles, including both the phenyl- and naphthyl-indoles give a blue-violet 
coloration. 

Nitrous acid has varying effects upon the different derivatives. 1-Methyl- 
indole reacts in a fashion similar to indole, forming a true nitroso compound. 
However, 2-methyl- and 2-phenyl-indoles give complex products which show 
no nitroso reactions. The 3-alkyl- and the 2,3-dialkyl-substituted indoles 
show the anticipated nitrosoamine formation at position 1. 

Direct nitration of indole derivatives is generally impracticable, but some cases 
of successful nitration have been reported. Thus, by treating 2,3-dimethyl- 
indole with potassium nitrate and concentrated sulfuric acid at G°C., Bauer and 
Strauss (34) obtained 5-nitro-2,3-dimethylindole, which proved to be identical 
with the product obtained by the Fischer method from the p-nitrophenylhydra- 
zone of ethyl methyl ketone. Concentrated nitric acid gives a dinitro derivative 
with 2-methylindole (413); identical with this dinitroderivative is the compound 
obtained by direct nitration of 3-nitro-2-methylindole (6). Nitration of skatole 
gives no definite nitro derivative (34). 

Indole-3-aldehydes can be prepared from indoles having a replaceable hydro¬ 
gen at the 3-position and also with or without an alkyl or aryl group at the 
2-position, by reaction with A-methylformanilide in the presence of condensing 
agents similar to phosphorus oxychloride (191). Certain indoles will also under¬ 
go the Gattermann and Iloesch aldehyde synthesis (354). 

Indole-3-aldehyde was first obtained, along with harman, by Hopkins and 
Cole (178) as a result of treatment of tryptophan with ferric chloride. Later, 
Ellinger (102, 103) prepared it by treatment of indole with chloroform and 
potassium hydroxide; 3-ehloroquinolinc was also obtained in this reaction. 
Boyd and Robson (52) effected its preparation through the action of zinc cyanide 
upon 2-carbethoxyindole. 

The usual condensation reactions are shown by indole-3-aldehydc. Thus, it 
will condense with hippuric acid to yield the azlactone which can be converted 
to the indoleacrylic acid (333) or to the amino acid tryptophan (104, 106). 
Hydantoin will also condense with the aldehyde (53, 235). 

Reduction of derivatives, with the exception of the carboxylic acids, yields the 
dihydroindoles, and may be accomplished by electrolytic reduction, by catalytic 
hydrogenation, or by the use of acids and metals. The ease of reduction varies: 
2,3-dimethylindole is more easily reduced than 2-methylindole, and that more 
easily than 1-methylindole. 
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Aldehydes (1 mole) will condense with 2-methylindole (2 moles), as was dis¬ 
covered by Fischer (123), with elimination of water to form leuco bases which 
yield dyes of the rosaniline type. Condensation with aldehydes may also take 
place in equimolecular proportions (138) to yield products in which the indole 
nucleus is contained in either of the following forms: 



N 


Vjr 



2-Methylindole has been condensed with various aldehydes (60, 123, 159, 179, 
351, 386) and with ketones (350). Skatole will condense with benzaldchyde 
(159, 397) under rather strenuous conditions, e.g., when zinc chloride is used. 

Derivatives of indole, like indole, give completely normal values for their 
molecular weights in benzene. In naphthalene there are anomalies, as in the 
cases of indole, skatole, and 2,3-dimethyl indole (117). 

Acids generally have less effect upon homologs of indole than upon indole 
itself, and fusion with potash oxidizes them to the respective carboxylic acids. 

Indoles having no substituent group in the 1-position react with Grignard 
reagents to form the indolylmagnesium halides, in a fashion reminiscent of the 
pyrroles. The indolylmagnesium halides are, in turn, useful in further synthesis; 
with reagents common in Grignard syntheses, substitution in the 3-position 
results. In general, other substitution reactions commonly occur, with intro¬ 
duction of groups preferentially at the 3-position. 

Of the simple alkyl-substituted indoles, skatole (3-methylindole) and “mcthyl- 
ketolc” (2-methylindole) deserve special mention. Of these, skatole is found 
in nature usually where indole is found, and is produced in bacterial cultures 
under conditions similar to those under which indole is formed. Methylketole, 
on the other hand, is essentially a synthetic product. 

Skatole in the pure form is a white solid, melting at 95°C. and boiling at 
266.2°C. at 760 mm.; it has a persistent fecal odor. When crystallized from 
water or ligroin, it is obtained as glistening leaflets. At 16°C. its solubility in 
water is 0.45 g. per liter. 

Fusion of skatole with alkali gives indole-3-carboxylic acid (72). With 
sodium in a stream of carbon dioxide, skatole undergoes a Kolbe reaction with 
the formation of 3-methylindole-2-car boxy lie acid (72). With chloroform and 
alcoholic alkali (103, 254, 316), or with chloroform and sodium ethylate (253, 
254), 4-methyl-3-chloroquinoline is formed. Hydrochloric acid (286, 348) or 
sulfuric acid and acetic acid (349) will polymerize skatole to diskatole. Skatole 
will condense with benzaldehyde (397) and with cinnamaldehyde (87). It will 
form a hydrochloride (122). syra-Trinitrobenzene (341) and picric acid (281) 
will form compounds with it. Reduction of skatole with zinc dust and hydro¬ 
chloric acid yields dihydroskatole (397). 

Skatole may be synthesized easily by the Fischer method from the phenyl- 
hydrazone of propionaldehyde (8, 121, 122, 261) (vide infra); it may also be 
obtained from 3-nitrocumic acid (119), indigo (19), aniline and glycerol (134), 
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and o-acetylanilidoacetic acid ethyl ester (63), as well as from other sources 
(28,39,218). 

Methylketole ( 2 -methylindole) is a solid, melting at 60°C. and boiling at 272°C. 
at 750 mm.; it has an odor like that of indole. It is soluble in alcohol, but diffi¬ 
cultly soluble in water. It gives the pine-splinter test in the presence of hydro¬ 
chloric acid. Methylketole forms 2-methyl-3-nitrosoindole with isoamyl 
nitrite (367); this substance can be oxidized to the corresponding nitro com¬ 
pound (4). It gives colored solutions with aldehydes in the presence of 
hydrochloric acid (156). With chloroform and sodium ethylate, 2-mcthyl-3- 
chloroquinoline is obtained, while with bromoform the corresponding bromo 
compound is formed (254, 255). Reduction with tin and hydrochloric acid 
converts methylketole to 2-methyldihydroindole (397). Chloroplatinic acid 
and also picric acid yield crystalline products (25). 

The Fischer method (vide infra) may be used for the preparation of 2 -methyl- 
indole, employing the phenylhydrazone of acetone ( 121 ). Other methods of 
preparation involve aniline and monochloroacetone (283), dihydromethylketole 
(218), o-amidophenylacetone (25), and acetylated o-toluidine (192). 

For a further summary of the properties of the simpler indole derivatives, see 
Biochemisches Handlexikon , Vol. IV, page 859. 

B. The Fischer synthesis of indole derivatives 

While the Fischer method may be applied somewhat indirectly to the prepara¬ 
tion of indole (vide supra), it finds its chief usefulness in the preparation of many 
and varied indole derivatives. It is in itself very versatile, but it is made even 
more general by the preparation of otherwise unattainable phenylhydrazones 
from diazonium salts by the method of Japp and Klingemann (210, 211). In 
general, Fischer\s synthesis may be described as involving the elimination of 
ammonia from phenylhydrazones, and may be accomplished with the phenyl¬ 
hydrazones of most carbonyl compounds the structures of which allow ring 
closures to occur. 

In 1883, E. Fischer and Jourdan (126) found that when they boiled the methyl- 
phenylhydrazone of pyruvic acid with alcoholic hydrogen chloride, they obtained 
C 10 H 9 O 2 N in about 5 per cent yield. Fischer and Hess (125) investigated this 
compound further and found it to be an indole derivative: 
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CH S 
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This work was continued by Fischer, who found that zinc chloride was a better 
catalyst for the reaction, since this catalyst allowed a wider range of applicability 
(122). The procedure employed by Fischer may be described by citing his 
preparation of 2-methylindole; this he accomplished by mixing acetone phenyl- 
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hydrazone with five times its weight of anhydrous zinc chloride, and by heating 
the mixture to about 200°C. A yield of 60 per cent of 2-methylindole was 
obtained. Similarly, Fischer obtained in this way a 35 per cent yield of skatole 
from propionaldehyde phenylhydrazone (121). 

Since the time of this early work a number of changes have been introduced 
into the method, with improvement in the yields. Thus it was found (91) that 
by the use of an inert solvent such as methylnaphthalenc, and by keeping the 
temperature below 150°C., acetone phenylhydrazone gave a 75 per cent yield of 
2 -methylindole, propionaldehyde phenylhydrazone an 80 per cent yield of skat¬ 
ole, and the phenylhydrazone of pyruvic acid gave a 60 per cent yield of indole-2- 
carboxylic acid. Also, the large amounts of zinc chloride used by Fischer were 
shown to be unnecessary (9). The reaction was found to proceed in the presence 
of 1 per cent of zinc chloride; cuprous chloride, cuprous bromide, or platinum 
chloride may also be used. Besides these, a number of other catalysts have been 
employed: concentrated sulfuric acid by Nef (276), Walker (388), and Reissert 
and Heller (332); alcoholic sulfuric acid by Wislicenus and Arnold (409); alco¬ 
holic zinc chloride by Plancher (306). It has also been found that nickel, cobalt, 
and copper powder, cobalt chloride, nickel chloride and many other salts catalyze 
the reaction (234). Grignard reagents have also been used (154). 

The ease of indole formation from the various phenylhydrazones varies irregu¬ 
larly; with some, the reaction occurs extremely readily. For example, the cyclo¬ 
hexanone phenylhydrazone undergoes indole formation as a result of gentle 
warming with aqueous hydrochloric acid. Also Plancher (306) and Jenisch 
(212) found that the methylphenylhydrazones of isopropyl methyl ketone and 
isopropyl phenyl ketone undergo ring closure even at room temperature in the 
presence of alcoholic zinc chloride. 
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Grgin (158) obtained 3,3,5-trimethylindolenine by warming the p-tolylhydra- 
zone of isobutyraldehyde at 60°C. with alcoholic zinc chloride: 
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While the Fischer method is extremely varied in its applications, occasional 
exceptions and limitations should be noted. Acetaldehyde phenylhydrazone 
would be expected to yield indole, but this has not been realized. Also, phenyl¬ 
hydrazones of 0-keto esters more commonly produce pyrazolones. The catalytic 
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decomposition of arylhydrazones of unsymmetrical ketones would be expected 
in many instances to lead to a mixture of two products: 
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This possibility has not t)een investigated very extensively, but isolated reports 
indicate only one product in each case. For example: the phenylhydrazone of 
methyl propyl ketone (9, 121) gives only 2-propylindole; the phenylhydrazone of 
isopropyl methyl ketone gives only 2,3,3-trimethylindolenine (212, 306); when 
butyl methyl ketone is used, 2-mcthyl-3-propylindole is formed (10). 

When meta-substituted phenylhydrazines are used as reagents, the possibility 
of two products being obtained is apparent. In some instances of such indole 
syntheses the mode of ring closure is not specified (92, 221, 224,340,381). How¬ 
ever, Borsche found that the ra-nitrophenylhydrazone of cyclohexanone (51) 
underwent ring closure to the position para to the nitro group: 
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The preparation of a tetrahydrocarbazole in the fashion indicated above was 
first accomplished by Drechsel (88), who used phenylhydrazine and cyclohexa¬ 
none; Baeyer (21) identified the product as tetrahydrocarbazole. This method 
of synthesis has been used to quite an extent, but applies most generally to the 
use of the simpler cyclohexanones. A number of ketones of the terpene group 
will not give the reaction. 

The elucidation of the mechanism of the Fischer synthesis has occupied the 
attention of many workers in the field. No very critical evaluation of the vari¬ 
ous postulates that have been advanced will be attempted here, but a statement 
of some of the suggestions will be of interest. 

The mechanism proposed by R. Robinson and G. M. Robinson (337, 338) 
involves rearrangement before ring closure, and adapts itself quite generally to 
various specific cases. Its essentials follow: 
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Reddelien (328), on the basis originally of his discovery of the oxidation of 
acetophenone phenylhydrazone by the action of phenylhydrazine to yield 
2-phenylindole, proposed a mechanism which may be described as involving 
three separate stages: 

I. Reduction of the phenylhydrazone during the simultaneous oxidation 
of stage III. 

R R 

I I 

c 6 h b nhn=cch 2 r + h 2 —> c 6 h 5 nh 2 + NH=C -CH*R 

II. Elimination of ammonia from the products of stage I to yield: 
C 6 H 5 N=C—CH 2 R 

i 

R 

III. Oxidation of the anil of stage II by the action of the original phenyl¬ 
hydrazone to yield the indolenine, 

N 



which undergoes a tautomeric shift of hydrogen from position 3 to 
position 1, producing the indole. 

This mechanism requires the assumption of an initial tautomeric shift of 
hydrogen in the original phenylhydrazone to yield an unsaturated substituted 
hydrazine, prior to stage I, if it is to explain the formation of 1-alkylindoles by 
the Fischer method. The Reddelien mechanism has met with considerable 
criticism; Robinson and Robinson (338), Bodforss (49), and Campbell and 
Cooper (62) have advanced substantial arguments agaiast it. 

The Cohn mechanism (77) fails to explain the fact of formation of 1-alkyl¬ 
indoles, and furthermore would require the formation of 6-substituted indoles 
from p-substituted phenylhydrazones: 



Another mechanism, set forth by Bamberger and Landau (29), also fails to ex¬ 
plain the formation of 1-alkyl-substituted indoles. 



TABLE 2 

Alkyl - and aryl-substituted indoles 


EEEKXENCES* 


INDOLES 


1- Methylindole. 

2- Methylindole. 

3- Methylindole. 

5- Methylindole. 

6- Methylindole. 

7- Methylindole. 

1- Ethylindole. 

2- E thylindole. 

3- Ethylindole. 

1.2- Dimethylindole. 

1.2- Dime thy 1-5-chloroindolc. 

1.3- Dimethy lindole. 

2.3- Dime thylindole. 

2.5- Dimethylindole. 

3.5- Dimethylindole. 

5.6- Dimethylindole. 

1.2.3- Trime thy lindole. 

1.2.5- Trime thylindole. 

2.3.5- Trime thylindole. 

2,3,7-Trimethylindole. 

2.3.5.6- Tetrame thy lindole. 

2-Methyl-3-e thy lindole. 

2-Ethyl-3-mcthylindole. 

l-Ethyl-2-methyl-5-chloroindole 

l-Ethyl-2,3-di methylindole. 

1-E thy 1-2,5-dimethy lindole. 

1.3- Dimethyl-2-ethylindole. 

1-Propylindolc. 

l-Isopropylindole. 

1- Allylindole. 

2- Isopropyl-3-me thylindole. 

2- JeW-Butylindole. 

1-Benzylindole. 

3- Triphenylme thy lindole. 

1- Phenylindole. 

2- Pheny lindole. 

3- Phenylindolc. 

l-Methyl-2-phenylindole. 

1- Me thyl-3-pheny lindole. 

2- Methyl-3-phcnyl indole. 

5-Mcthyl-2-phcnylindole. 

7-Methyl-2-phenylindole. 

1.2- Diphenylindole . 

2.3- Diphenylindole. 

1.2.3- Triphenylindole. 

1- Methyl-2,3-dipheny lindole_ 

7-Methyl-2,3-diphenylindole_ 

2- Anisyl-3-methylindole. 

2-Anisyl-3,5-dimethyli ndole. 

2-Anisyl-3,7-dimethylindole. 


(249, 148/124) 
(Selection I\ r, A) 

(See section IVJA) 

(32C) 

(331) 

(52) 

(125, 268) 

( 121 ) 

(305, 41) 

(82) 

(37) 

*302, 82) 

% *$121, 411, 8, 314/219, 285) 
(326, 389) 

( 8 ) 

(294) 

(82) 

(37) 

(412) 

(412) 

(83) 

(121, 308, 285) 

(309) 

(38) 

(412) 

(38) 

(313) 

(268) 

(268) 

(270) 

(310, 315) 

(313) 

(7, 86) 

(241) 

(125, 299) 

(121, 128, 304, 112, 80) 
(129) 

(82, 368, 80) 

(193) 

(382) 

(46) 

(46) 

(299) 

( 121 ) 

(335) 

(47) 

(47) 

(165) 

(165) 

(165) 


•Where more than one reference appears, methods of synthesis are indicated first. 
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TABLE 3 


Acid derivatives of indole 


ACID DERIVATIVES 


REFERENCES* 


Indole-2-carboxylic acid. 

l-Mcthyl-2-indolecarboxylic acid. 

3-Methyl-2-indolecarboxylic acid. 

3-Hydroxymcthyl-2-mdoleearboxylic acid (lactone).... 

5- Methyl-2-indolecarboxylic acid. 

6- Mcthyl-2-indolecarboxylic acid. 

7- Mcthyl-2-indolccarboxylic acid. 

5.6- Dimethyl-2-indolccarboxylic acid. 

l-Ethyl-2-indolccarboxylic acid. 

1-Propyl-2-indolecarboxylic acid. 

l-Allyl-2-indolecarboxylic acid . 

l-Isopropyl-2-indolecarboxylic acid. 

1-Isobutyl-2-indolecarboxylic acid. 

l-Isoamyl-2-indolecarboxylic acid. 

l-Phenyl-2-indolccarboxylic acid. 

l-Benzyl-2-indolecarboxylic acid . 

Indole-3-carboxylic acid. 

1- Methyl-2-amino-3-indolecarboxylic acid. 

2- Methyl-3-indolccarboxylic acid . 

1.2- Dimethyl-3-indolecarboxylic acid. 

2,5-Dimcthyl-3-indolecarboxylic acid (ethyl ester). 

2.7- Dimcthyl-3-indolecarboxylic acid (ethyl ester). 

l-Allyl-2-methyl-3-indolecarboxylic acid . 

2,4-Indolcdicarboxylic acid. 

1-Methyl-2,3-indoledicarboxylic acid. 

1-Benzyl-2,3-indoledicarboxylic acid. 

Indole-3-acetic acid. 

Indole-3-aminoacetic acid. 

1- Methylindole-3-acetic acid. 

2- \fetliylindolc-3-acetic acid. 

1.2- Dimcthylindolc-3-acetic acid. 

0-(Indole-l)propionic acid. 

0-(2-Methylindole-1)propionic acid. 

tx-(Indolc-2) propionic acid (ethyl ester). 

a- (Indole-3)propionic acid. 

0-(Indolc-3)propionic acid. 

0-(Indole-3)-«-aminopropionic acid. 

7 -(Indole-3)butyric acid. 

6-(Indole-3)valeric acid. 

Indole-3-glyoxylic acid. 

1-Methyl-2-(3', 4'-dimcthoxyphenyl)indolc-3-acetic acid 


(330, 74, 251, 121, 126, 
303, 155, 262) 

(125, 40) 

(410, 110) 

(163) 

(326) 

(330). 

(326, 52) 

(294) 

(125, 269) 

(268) 

(270) 

(268) 

(268) 

(268) 

(125) 

(7) 

(102, 416, 395) 

(329) 

(72, 389) 

(82, 226) 

(389) 

(389) 

(270) 

(340) 

(329) 

( 86 ) 

(Sec section V) 

(27) 

(302, 226) 

( 121 ) 

(282) 

(190) 

(190) 

(389) 

( 100 ) 

(100, 190, 217, 260, 
174, 419, 262) 

(Sec section V) 

(194 , 275,^419) 

(258) 

(27) 

(69) 


•Where more than one reference appears, methods of synthesis are indicated first. 


C. Alkyl , aryl , and acid derivatives of indole 

The alkyl and aryl derivatives of indole are listed in table 2, while the acid 
derivatives are given in table 3. 
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V. NATURAL PRODUCTS CONTAINING THE INDOLE NUCLEUS 

The indole nucleus is found to be present in a varied group of products of 
natural occurrence in both the animal and the vegetable kingdoms. Most of 
these products show marked physiological activity, and some are extremely 
complex in structure. 


A . Heieroauxin ( indole-3-acetic acid) 


NH 




^CH 

II 

— cch 2 cooh 


This acid is important in plant physiology because of the part it plays as a 
promoter of the growth of seedlings. It has been isolated from urine by Kogl 
and his collaborators (230, 231, 232); other sources of the acid are yeast and 
moulds. The compound is soluble in alcohol, ether, benzene, and slightly 
soluble in cold water. Crystallized from water or benzene it is obtained as 
leaflets, melting at 165°C. When heated above its melting point, the compound 
loses carbon dioxide to form skatole. As a color test, the Adamkiewicz-Hopkins 
reaction can be used (407). 

Heteroauxin can be obtained by bacterial action upon tryptophan (166), 
albumin (346), or milk (169). A convenient synthesis, however, is by the method 
of Majima and Hoshino (256), who treated indolylmagnesium iodide with 
chloroacetonitrile and hydrolyzed the resulting indole-3-acetonitrile. Another 
method of synthesis is that of King and I/Ecuyer (226), who used as starting 
materials benzenediazonium chloride and a-acetoglutaric acid ethyl ester; the 
successive steps of hydrolysis, Fischer indole formation, and partial decarboxyla¬ 
tion produce the product. The acid has also been synthesized by Tanaka 
(377, 378). Indole-3-acetic acids, in general, may be prepared from indoles 
having an unsubstituted 3-position through the reaction of formaldehyde and 
hydrocyanic acid and subsequent hydrolysis of the resulting nitrile (189). 


B. Tryptophan 
NH 

/\/ ^CH NH 3 

II I 

\y— -CCHjCHCOOH 

Tryptophan, one of the essential amino acids, as isolated from natural sources 
exists as the levo isomer in the form of colorless hexagonal leaflets. Various 
melting points have been reported for the levo form (273°C., 289°C., 293°C.), 
while for the racemic mixture melting points about 30° lower have been noted. 
Dry distillation of tryptophan results in decomposition, with the formation of 
both indole and skatole, although strong heating yields indole alone. 
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Oxidation with ferric chloride gives two products, CtH^NO (indole-3-aldehyde) 
and C12H10N1 (harman), while ozone and chromic acid cause breakdown of the 
molecule. Ultraviolet light causes the formation of ind >le-3-acetic acid (45). 

Tryptophan gives several well-defined color reactions. Thus, chlorine or 
bromine water produces a red-violet coloration (44, 380), while the Adamkiewicz 
reaction (1,2), Ehrlich’s reaction (99), and the pine-splinter test also apply. 

Tryptophan as the levo Isomer may be isolated from certain proteins, but 
such hydrolytic procedure requires care in the choice of agents. For example, 
acid agents yield condensation products (60), and barium hydroxide gives the 
racemic mixture. Enzymatic hydrolysis using trypsin (288) yields i-tryptophan, 
and it can also be obtained from casein (78). In both of these latter cases use is 
made of the formation of an insoluble compound with mercuric sulfate. There 
are many sources from which tryptophan may be obtained (177, 247, 248, 290, 
291, 292, 334). 

The first synthesis of di-tryptophan was accomplished by Ellinger and 
Flamand (104, 106), who carried out an Erlenmeycr synthesis on indolc-3-alde- 
hyde. This was condensed with hippuric acid in the presence of acetic an¬ 
hydride and sodium acetate to yield the azlactone, which upon subsequent 
hydrolysis and reduction gave the racemic mixture. A similar synthesis by 
Kotake (235) employed indolc-3-aldehyde and hydantoin; this method was 
improved by modifications introduced by Boyd and Robson (53). 

C. “Abrine” 1 (d-a-methylamino-P-(indolyl-3)propionic add) 

NH 

/\ / ^CH NHCH 3 

II I 

\y~ -cch 2 chcooh 

This compound was first encountered as a result of its isolation from the seeds 
of Abrus precatorius Linn (398). Later, in 1932, it was isolated in pure state 
from the same source and investigated by Ghatak and Kaul (142, 143). Its 
structure was assigned by Hoshino (180) after he had accomplished decarboxyla¬ 
tion of the compound and identified the resultant as monomethyltryptamine, 
which he had previously synthesized (182, 183). “Abrine” and tryptophan 
upon complete methylation both yield the same product (343). 

“Abrine” in the d-form after crystallization from water as colorless prisms 
melts with decomposition at 295°C.; the cM-form melts at 245°C. with decom¬ 
position (271). 

The compound has been synthesized by Gordon and Jackson (152) and by 
Miller and Robson (271), starting with indole-3-aldehyde and 1-methylhydan- 
toin. These compounds condensed under the influence of piperidine to form 

1 It has been suggested (271) that the name abrine be dropped from use to avoid confusion 
with “abrin,” which has been applied for years to a mixture of two poisonous proteins, a 
paraglobulin and a phytalbuminose, obtained from Abrus precatorius Linn. 
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5-(indolal-3')-l-methylhydantoin. Reduction to the indolyl product and 
subsequent hydrolysis completed the synthesis of the di-compound. 

D. Hypaphorine 


NH 


/X/ 

\/~ 


^CH N(CHs ) 3 


CCHsCHCOO- 


Hypaphorine was discovered by Greshoff (157) in the seeds of Erythrina 
hypaphorus Boerl. The name and molecular formula (C14H18O2N2) were assigned 
by Greshoff. The study of its constitution was undertaken by van Romburgh 
(343) who obtained, by the methylation of tryptophan, a compound resembling 
hypaphorine closely; later van Romburgh and Barger obtained complete proof 
of its identity (343). The racemic form has been synthesized by Cahill and 
Jackson (Gl). 


E. Bufotenine 


/\/ 


NH 


HO 1 




^CH 

-CCH 2 CH 2 N(CH3)2 


Phisalix and Bertrand in 1893 (300, 301) obtained an amorphous base from 
the secretions of Bufo vulgaris which they named bufotenine. Later, in 1920, 
Handovsky (162) obtained the base from the same source as a crystalline com¬ 
pound. Later methods of isolation made use of the formation of an insoluble 
flavianate (213). 

The constitution of bufotenine was investigated and established by Wieland 
and coworkers (400, 402) through the synthesis, from 5-methoxyindolyl-3-aceto- 
nitrile, of the product of methylation of bufotenine. Hoshino and Shimodaira 
(183, 184) have synthesized bufotenine itself from the same acetonitrile 
derivative. 

Bufotenine crystallizes from acetone-ether solutions; it melts at 146-147°C., 
and may be distilled without decomposition at 320°C. at 0.1 mm. Its picrate 
melts at 178°C. (402). Bufotenine has a pronounced effect upon the blood 
pressure (70). 


F. Bufotenidinc 



CH*CH,N(CH,)8 


Bufotenidine was isolated as the flavianate in 1931 by Mittasch (400) from 
the extract of the Chinese toad. Its structural relationship to bufotenine was 
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shown by Wieland, Konz, and Mittasch (402); methylation of both compounds 
yielded the same product. 


TABLE 4 


Some complex natural products containing the indole or dihydroindole grouping 


PRODUCTS 


Harminc. 

Harman. 

Harmaline. 

Harmalol. 

Harmol. 

Harmalan (dihydroharman) 

Norharman. 

Physostigmine (cserine).... 

Eseroline. 

Gencserine. 

Ese re thole. 

Desoxyeseroline. 

Norescre thole. 

Norescrmethole. 

Methyleserethole. 

Ergotoxine. 

Ergotinine. 

Ergotamine. 

Ergotaminine. 

Ergonovine. 

Ergometrinine. 

Ergine. 

Isoergine. 

Lysergic acid. 

Isolysergic acid. 

\ ohimbine. 

Evodi amine. 

Rutccarpine. 

Strychnine. 

Brucine. 


REFERENCES 


(259, 366, 3, 164 , 296, 133, 132, 139) 

(133, 178, 220, 259, 204, 366, 3, 364, 365, 296, 
297) 

(259, 366, 132, 223, 140, 133) 

(150, 133) 

(133, 325) 

(259, 366) 

( 220 ) 

(216, 215, 319, 185, 369, 172) 

(216, 319) 

(318) 

(182, 215, 216, 227, 181, 369) 

(215) 

(339) 

(228) 

(229) 

(30, 31, 357, 197, 198, 202, 79) 

(30, 31, 357, 197, 198, 79) 

(357, 198, 202, 79) 

(357, 198, 79) 

(97, 225, 372, 373, 199, 374, 79, 375, 356) 

(361, 79, 374) 

(358, 359, 196, 360, 79) 

(362, 79) 

(195, 196, 360, 200, 225, 201, 203, 206, 362, 208, 
207, 209 , 205) 

(362, 79) 

(161, 137, 32, 118, 327, 33, 160) 

(13, 14, 12) 

(11, 12, 287) 

(267, 246, 237, 238, 239, 236, 272, 176, 245) 
(267, 246, 176, 245) 


G. Bufothionine 

NH 

/\/ \ C H 


-o»so 




CCH=CHNH(CH,), 


In 1930, Wieland and Vocke (403) isolated a compound, containing both 
nitrogen and sulfur, from the extract of skins of Japanese toads and gave the 
substance the name bufothionine. It has also been isolated from the skin of the 
South American toad, Bufo arenarum (402), and from Bufo marinus (214). 
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Hydrolysis of the compound produces sulfuric acid with the formation of a 
compound having phenolic properties. Wieland (404) showed the relationship 
of the latter compound (dehydrobufotenine) to bufotenine by its hydrogenation 
to yield bufotenine. No synthesis of bufothionine has been reported. 

H. Gramine (donaxine ) 

NH 

\CH 

\J~ — AcH 4 N(CH 3 ) 2 

Von Euler and Ilellstrbm (114) in 1932 isolated a base from the germ of 
Swedish barley which they recognized as an indole derivative from the spectro¬ 
scopic measurements of Hellstrom (115). Later, in 1935, the substance was 
named gramine (116); in the same year Oreehoff and Norkina (289) reported 
isolation of a similar substance from the Asiatic reed, Arundo donax L., and 
named their substance donaxine. Von Euler, Erdtman, and Hellstrom (113) 
showed the two compounds to be identical. The constitution of gramine was 
established, after several attempts at its degradation (252), by the synthesis of 
Wieland and Using (401), using indolyl-1-magnesium iodide. Kuhn and Stein 
(242) prepared it by condensing indole with formaldehyde and dimethylamine. 

I. More complex natural products 

Among the more complex naturally occurring products of the alkaloid type, 
and compounds derived from them, there are many which include in their struc¬ 
tures the indole or dihydroindole grouping. A detailed consideration of the 
chemistry of these compounds falls outside the scope of this review, but the 
names of a number of these products and references to principal articles concern¬ 
ing them are included in table 4. 
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The expanding uses for naphthenic acids have made desirable a compilation of 
information regarding their occurrence, manufacture, composition, properties, 
analysis, and uses. The material presented in this paper is illustrative of and 
organized according to the above topics and has been collected mainly from the 
patent literature. Since, in a presentation of this type, a detailed discussion of 
every reference is precluded, a supplementary bibliography has been appended. 


The true naphthenic acids are probably normal constituents of all crude 
oils, in which they occur to the extent of about 0.03 to 3.0 per cent (52, 54, 64, 
78, 82). By using an average acid content of 0.1 per cent, Ellis (26) has esti¬ 
mated the potential annual production at 50,000 tons or 12,000,000 gallons. 
It is rather doubtful whether such a volume of production could be attained, 
since this would require the treatment of all crude oils produced. It is more 
probable that certain crude oils or distillates rich in acids will continue to be 
used as a source of the naphthenic acids. 

I. RECOVERY OF NAPHTHENIC ACID 

The extraction of naphthenic acid from petroleum products is based upon the 
formation of sodium naphthenate by the neutralization of naphthenic acid with 
caustic soda or soda ash. The low concentration of naphthenic acid in crude 
oil or distillate and the tendency of sodium naphthenate to promote emulsions 
impose practical difficulties on the apparently simple operation of extracting an 
acid from a neutral oil. In practice, naphthenic acid is recovered as sodium 
naphthenate from three different sources. Crude oil or a straight-run distillate 
is distilled from caustic soda, yielding a residue containing resins, asphalts, oils, 
and sodium naphthenate. Distillates of the gas-oil and kerosene type are ex¬ 
tracted with aqueous solutions of caustic soda or soda ash, yielding an aqueous 
solution rich in sodium naphthenate. The third source of naphthenic acid is 
soda sludge, obtained by neutralizing the residual acidity in a sulfuric-acid- 
treated oil after the acid sludge has been separated. The true naphthenic acids 
remain unsulfonated during the acid treatment of the oil. 

By choosing the sources of naphthenic acid in which it is normally concen¬ 
trated during the refining operation, one of the difficulties in the recovery opera¬ 
tion has been largely overcome. While the difficulty of the formation of emul¬ 
sions was not so easily eliminated and is associated with sodium naphthenate 
irrespective of its source, there are distinct differences in the handling of the 
salt from each of the above sources. In view of these differences the following 
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illustrative methods of recovery of naphthenic acid are presented in relation 
to the source material. 

The alkaline residue from the stills in which oil has been distilled from caustic 
soda contains resins, asphaltic materials, oil, and sodium naphthenate. Two 
general methods have been reported for the handling of the still residue: In one, 
the residue is first diluted with a light oil or solvent before recovery of the sodium 
naphthenate, while in the other the residue is acidified directly with a mineral 
acid. Accordingly, Powell (69) dilutes the still bottoms with an oil and extracts 
the sodium naphthenate from the hot mixture by discharging it on a stream of 
flowing water. In place of oil, Becker and Sloane (8) use a relatively low boiling 
naphtha as the diluent for the still bottoms. 

A somewhat different scheme has been devised by Andrews and Lauer (4), 
who extract the still bottoms with 80-95 per cent ethyl alcohol in which the 
soaps are soluble, but which is not a solvent for the oil. Other low-molecular- 
weight alcohols, such as methyl and isopropyl, may be used. The choice of 
alcohol is largely dependent upon its cost. 

The direct acidification of alkaline still bottoms with a mineral acid is the 
simplest method of recovery for naphthenic acids, though acids so prepared often 
contain oil which must later be removed. Despite the obvious steps involved 
in the acidification process, several patents have been issued covering minor 
improvements in the operation. Cook (18) dilutes the still bottoms with about 
ten parts by weight of water and acidifies the mixture with strong hydrochloric 
acid. Kaufman and Lauer (46) also record essentially the same process as 
above, as well as the direct acidification of the alkaline residues with dilute 
acid. The recovery of naphthenic acid and its simultaneous incorporation into 
an asphalt composition have been disclosed by Swerissen (85), who acidifies a 
mixture of alkali naphthenates and asphalt as obtained in still bottoms with 
sufficient acid just to free the naphthenic acids. The recovery of naphthenic 
acid and its incorporation into a cutting oil by a unified process have also been 
recorded by Terrell, Hughes, and Carter (89). The mixture of alkali naph¬ 
thenates and asphalt is acidified, mixed with an oil of lower boiling point than 
the asphalt, and distilled. The distillate, containing oil and naphthenic acid, 
is then neutralized to form a cutting oil. This patent is of further interest in 
that it illustrates the distillation of naphthenic acids through the medium of a 
carrier liquid, thereby minimizing decarboxylation. 

In general, the removal of oil from alkali-naphthenate-containing still bottoms 
is incidental to the recovery of the acids. Wunsch (93), however, has devised a 
process specifically for this purpose. The sludge is dispersed in water, thinned 
with water, and deemulsified by the addition of water-soluble compounds, such 
as alcohols, ketones, and salts, while the temperature is maintained at 90-100°C. 
The acids may be recovered by acidification of the purified aqueous solution. 
Experience has shown that this method is quite effective when combined with 
a solvent extraction of the deemulsified oil. 

The recovery of naphthenic acid under anhydrous conditions has been de¬ 
scribed by Brunck, Kreutzer, and Boeck (14), who treat the alkaline still bottoms 



NAPHTHENIC ACIDS 


99 


with concentrated (98 per cent) sulfuric acid in the presence of a light solvent 
for the naphthenic acids. It is claimed that the asphaltic materials resinify and 
precipitate out along with the alkali sulfates. The acids *o obtained may, under 
certain conditions, be contaminated with oil-soluble sulfonic acids. 

II. PURIFICATION OF NAPHTHENIC ACIDS 

For many practical uses the naphthenic acids as obtained from petroleum are 
too impure. The impurities associated with the acids are chiefly oil, phenols, 
basic nitrogen compounds and, to a minor extent, sulfur-containing compounds. 
While numerous methods of purification have been suggested, only those which 
combine relatively simple operations and low cost are of importance commer¬ 
cially. As a rule, simple distillation under reduced pressure yields an acid of 
sufficient purity for most purposes. Table 1 shows the results obtained on two 
samples of naphthenic acid distilled commercially. 1 According to these results 
it appears that single distillations will yield a product of 92 to 93 per cent total 
acid content and having a pale color. Although distillation yields marked im¬ 
provement in color and acid number, there is a lesser improvement in odor. 


TABLE 1 

Properties of original and distilled naphthenic acids 



ORIGINAL 

DISTILLED 

ACID 






Acid No. 

Unsaponifiable 

Acid No. 

Unsaponifiable 



per cent 


per cent 

A. 

256 

8.0 

263 

7.4 

B . 

205 

13.5 

235 

7.9 


A distillation process claiming the decolorization as well as dcodorization of 
naphthenic acid has been reported by Ewing (27), who first distills the crude 
at ids and then redistills the distillate from a metallic oxide such as cupric oxide or 
other non-volatile oxidizing agents to remove phenols and odoriferous materials. 
Volatile oxidizing agents such as air have also been used, both in the presence 
and in the absence of catalysts or of non-volatile oxidizing agents (28). The 
formation of color in naphthenic acids, particularly after distillation, has been 
attributed to the oxidation of phenols and the above processes are designed to 
remove them. Merrill and Blount (61) separate phenols and naphthenic acid by 
means of a selective neutralization with soda ash or caustic soda. This mixture 
is then distilled with steam to remove the phenols and oils. 

Several investigators have reported on the treatment of naphthenic acids with 
strong sulfuric acid as a method of purification. While it was originally thought 
that sulfuric acid changed the properties of naphthenic acids even to the extent 
of sulfonating them (81), later work by Charitschkoff (17, 37), Gurwitsch (37), 
and Tanaka and Nagai (87) on acids from different sources indicates that the acids 
remain unattacked. The treatment with sulfuric acid serves to precipitate 

1 Private communications. 
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sludge-forming materials from the naphthenic acids as well as to carry down with 
the sludge some phenols and basic impurities. In general, sulfuric acid of higher 
concentration than 85 per cent is miscible with naphthenic acid, though its 
solubility is markedly decreased by the presence of petroleum solvents. Such 
solvents decrease the viscosity of the naphthenic acid and facilitate the separation 
of sludge and acid. Such a process has been reported by Rutherford (77). 

Carr (15) found, however, that sulfuric acid of at least 100 per cent concentra¬ 
tion could be used without the difficulty of solubility arising if 0.5 to 5.0 per cent 
of acid, based on the naphthenic acid, were used. With this quantity sludge 
separated readily, while if 10 to 15 per cent was employed mutual solubility and 
no purification resulted. Hendrey (40) prefers to treat partially purified naph¬ 
thenic acids with about 5 per cent of 98 per cent sulfuric acid and then dilute the 
mixture to throw out the sludge. The naphthenic acid is then distilled for final 
purification. A combination treatment of naphthenic acids with sulfuric acid of 
50 to 83 per cent concentration and then activated clay has been reported by 
Ewing (29). A slightly different process has also been suggested by Rabinovich 
and Osenova (70), who treat a 50 per cent solution of naphthenic acids in gasoline 
with concentrated sulfuric acid. This solution is then treated with an adsorbing 
material (clay), after which it is washed with an aqueous solution of zinc chloride 
or calcium chloride. 


III. COMPOSITION OF NAPHTHENIC ACIDS 

The commercially available naphthenic acids are at present identified by 
origin and acid number. The lack of a more definite and scientific classification 
is probably due to the complexity of the mixtures of acids now known as naph¬ 
thenic acid and to the absence of information correlating the properties of the 
acids from different sources. Chemically, the naphthenic acids have been clas¬ 
sified (25) as carboxylic acids of the formulas C n H 2 „_ 2 COOIT and C n Il 2 n- 4 COOH, 
with the largest group falling into the former class. Several attempts to 
demonstrate the presence of cyclohexane derivatives (12, 94, 95) in more than 
traces indicate that such compounds arc probably present in very minute 
quantities. 

In the absence of cyclohexane derivatives the commercial naphthenic acids 
may be said to be essentially mixtures of small quantities of low-molecular- 
weight fatty acids and cyclopentane acids. The latter may be considered as the 
real naphthenic acids. According to Schutzc, Shive, and Lochte (83), the 
products of the index of refraction and density “show that aliphatic acids have 
products ranging from 1.280 to 1.350 with most values between 1.300 and 1.310, 
the naphthenic acids range from 1.390 to 1.470 with most values between 1.410 
and 1.440, while phenols have nd products above 1.500 and hydrocarbon values 
below 1.300 and usually below 1.280.” Temperatures of 20°C.db2° were used. 
The application of this rule to naphthenic acids from different sources and of 
different molecular weights is illustrated in table 2. 

While the data in table 2 are illustrative, calculations based on additional 
references give the same results. Data of this character are valuable from a 
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general viewpoint only, however, since they do no more than place the naph¬ 
thenic acids within a certain group of compounds, the cyclopentane acids. 
Numerous efforts have been made to determine the structures of some of the 
major constituents of various naphthenic acids, but with little success. The 
difficulties involved in such studies are chiefly the location and identification of 
the type of substituents on the cyclopentane ring, the separation of optical and 
geometrical isomers, and the determination of the number of carbon atoms be¬ 
tween the carboxyl group and the ring, von Braun devised a method for de¬ 
termining whether the carboxyl is primary, secondary, or tertiary by treating the 
naphthenic ethylamide with phosphorus pentachloride and measuring the 
chlorine present in the regenerated acid. This method is satisfactory for naph- 
theneacetic acids, but is inapplicable to homologs of acetic acid. Until further 
reactions of this type are discovered or until the acids are synthesized, it seems 
likely that the detailed structures of the acids will remain unknown. 

TABLE 2 


nd values for naphthenic acids 


ACID 

j SOURCE | 

ml 

REFERENCE 

CsHuCOOH. 


| 1.424 

(5) 

CgllisCOOII ... 


1.123 

(5) 

CioIIisCOOH. 

Baku 

1.419 

(51) 

(VJImCOOTI . 

Nishiyama 

1.421 

(86) 

CwIImCOOH 

Nishiyama 

1.427 

(86) 

CmIImCOOH . 

Nishiyama 

1.444 

(86) 

CuHmCOOII. 

Nishiyama 

1.439 

(86) 


IV. ANALYSIS OF NAPHTHENIC ACIDS 

The present uses for naphthenic acids arc based mainly on the relatively high 
acidity of these compounds. As a result of this, acid number and saponification 
number arc of primary importance. These determinations are carried out in 
alcohol solution by the usual methods, as is also a determination of the unsaponi- 
fiable matter. An improved method for the determination of the total acid 
content has been proposed by Klotz and Littmann (49). In some cases it is de¬ 
sirable also to determine the phenols present as well as the sulfur content. 

V. THE USES OF NAPHTHENIC ACIDS 

The unique properties of the metallic soaps of naphthenic acids account for the 
major uses of the acid at the present time. The alkali soaps are extremely soluble 
in water, and 50 per cent solutions of sodium naphthenates are now available 
commercially. 2 These solutions flow freely and show no tendency to gel. Since 
commercial naphthenic acids have acid numbers of 200 to 300, their molecular 
weights are of the order of those of the fatty acids and the low viscosity of the 
aqueous solutions of the alkali salts is quite remarkable. In general, also, the 
naphthenic acids are somewhat stronger acids than those derived from the fats 

* Nuodex Products Company. 
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and oils. The pH of the neutral alkali naphthenates in dilute aqueous solution is 
of the order of 8 to 9, whereas that of sodium stearate is 10 to 11. The alkali 
naphthenates have been proposed as both emulsifying and demulsifying agents. 
Frizell (33), for example, uses sodium naphthenate in the preparation of an 
emulsifiable oil by mixing four parts of dry sodium napthenate with one part of 
cresol and then dissolving the product in mineral oil. The oils are used in the 
treatment of wool, as orchard sprays, and as cordage oils. Alleman (2) proposes 
the use of sodium naphthenate for the preparation of a similar soluble oil, but 
uses no cresol. In general, the use of a coupling agent is desirable when the 
alkali naphthenates are used as emulsifiers. In addition to cresol, illustrated 
above, rosin and ethylene glycol may be used. Neukom (67) describes the 
preparation of a soluble oil of this type in which a mixture of sodium naphthenate 
and rosin is blended with ethylene glycol and this blend is then diluted with 
mineral oil. Alcohols may also function as coupling agents. Merrill (60) pre¬ 
pares a soluble oil by adding 17 parts of butyl alcohol to 70 parts of 92 per cent 
sodium naphthenate and then diluting this product with mineral oil. Hcndrey 
(39) uses pine oil as a coupling agent in a soluble oil having the following typical 
composition: 


per cent 

Light lubricating oil. 78-82 

Sodium naphthenate. 14-18 

Pine oil. 2 

Water. 2 


Where sodium naphthenate alone is used as emulsifying agent, as in cutting oils, 
a very high percentage is required. Hughes (43) reports the preparation of such 
a product by mixing essentially dry sodium naphthenate with oil in the ratio of 
about one part of oil to one part of soap. 

The preparation of disinfectants of either the tar-acid-oil or pine-oil type is 
often accomplished by a hot process in which an aging at elevated temperatures is 
required to complete the saponification of fatty acids used as emulsifying agents. 
Because of the increased strength of the naphthenic acids as compared with 
higher fatty acids, the saponification is greatly accelerated and the aging process 
may be greatly reduced or entirely eliminated. The formulations given in table 
3 are illustrative of the “cold process” type of disinfectants which are readily and 
completely dispersible in water. The ingredients arc added, with agitation, in 
the order shown and the reaction is complete as soon as the solutions become 
homogeneous. 

The use of alkali naphthenates in the manufacture of asphalt emulsions and 
road-paving materials has been advocated by Limburg (55) and by Lichtenstem 
(53). The demulsifying action of alkali naphthenates is usually confined to 
water-in-oil type emulsions as encountered in petroleum-refining operations. 
While in most cases alkali naphthenates are reported as the demulsifying agents, 
other derivatives and mixtures of naphthenic acid and other materials are also 
used. For convenience all these materials are grouped together. For example, 
DeGroote (20) in one case uses a sulfonated condensation product between 
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naphthenic acid and an aromatic hydrocarbon; in another case (21), acids, salts, 
and esters (naphthenic) are said to accomplish the same purpose. In a third 
patent DeGroote and Wirtel (24) show the use of naphthenic acid derivatives in 
combination with salts of alkylated naphthalenesulfonic acids, and in a fourth 
(22) in combination with salts of polysulfonic acids. Other modifications are re¬ 
ported by DeGroote (23), Hendrey and Ebaugh (41), and Mead (57). The use 
of naphthenic acid esters alone as demulsifying agents has also been reported (19). 
In the breaking of water-in-oil emulsions the function of the various agents used 
seems to be one of phase reversal rather than a simple breaking of the two 
phases, though Wells and Southcombe (92) indicate that certain naphthenates 
give non-emulsifying oils when incorporated in a lubricating oil. 

The use of various metallic naphthenates in lubricating compositions is usually 
confined to greases and to high-pressure and industrial lubricants. Becker (7) 
reports a lubricant composed of sodium naphthenate, petrolatum, and still wax. 


TABLE 3 

Disinfectants and deodorants 


INGREDIENTS 

PER CENT BY WEIGHT 

Tar acid oil (10 per cent). 

70 


Tar acid oil (75 per cent). 

70 

Naphthenic acid (Acid No. 225) . 

10 

10 

Oil-soluble petroleum sulfonate. 

13 

13 

Caustic soda (50 per cent) . 

3.2 

3.2 

Water . . 

3.8 

3.8 

Pine oil. 

67.7 

70.6 

Oil-soluble petroleum sulfonate. 

5.8 

8.8 

Naphthenic acid (Acid No. 225). 

19.3 

11.8 

Caustic soda (50 per cent) . 

7.2 

Triethanolamine. 

8.8 





Other sodium naphthenate compositions are reported by McKee and Eckert (56) 
and by Kaufman and Puryear (47). 

In place of the alkali naphthenates, those of the alkaline-earth and heavy 
metals are also employed where a different effect is desired. In the case of 
castor machine oils, where increased “stringiness”, viscosity, or oiliness is desired, 
various naphthenates have been employed. Frizell (34) describes such a product 
prepared from aluminum naphthenate dissolved in a mineral oil to which has been 
added a very small quantity of sodium naphthenate. The addition of the sodium 
naphthenate is claimed as an improvement over the use of aluminum naph¬ 
thenate alone, as shown by Rebber (71). In addition to the metallic naph¬ 
thenates, certain other derivatives have been advocated for the preparation of 
castor machine oils. Steik (84) uses the reaction product between castor oil and 
naphthenic acid, while Hagedorn (38) employs cellulose naphthenate in a com¬ 
position containing either animal or mineral oil. Johnson (44) uses naphthenate 
esters of glycol ethers for the same purpose. 

















104 


EDWIN R. LITTMANN AND J. R. M. KLOTZ 


The addition of metallic naphthenates to crankcase lubricants is said to de¬ 
crease the sticking of piston rings. There appears to be some doubt as to which 
naphthenate is the best to use. The Texas Company (90), for example, suggests 
the use of stannous naphthenate in quantities of 0.05 to 5.0 per cent. Evidence 
is presented that this compound is superior to zinc, iron, or aluminum naph¬ 
thenate. Neely (66), on the other hand, states that aluminum, zinc, magnesium 
cobalt, cadmium, manganese, and tin (stannic?) naphthenates are all effective if 
used in conjunction with an organic acid. Nickel naphthenate has been advo¬ 
cated by Brandes (11), but the addition of this salt apparently also requires the 
use of an antioxidant. Substituted phenols were used for this purpose. Where 
aluminum naphthenate is used to prevent the sticking of piston rings, the basic 
product seems to be the best. Neely (65) proposes the aluminum dinaphthenate. 

The soot-forming tendencies of fuel oil are materially reduced by the addition 
of metallic naphthenates to the oil. Adams, Ovitz, and Wiley (1) showed that 


TABLE 4 

Effect of naphthenates in fuels on the formation of soot 


FUEL 

WEIGHT PER 
CENT OF 
NAPHTHENATE 
ADDED 

WEIGHT PER 
CENT OF METAL 
ADDED AS 
NAPHTHENATE 

UNBURNED CARBONACEOUS 
MATERIAL (IN PER CENT OF 
THAT FORMED WHEN BURNING 
UNBLENDED FUEL) 

Stack 

Total (includ¬ 
ing tubes) 




per cent 

per cent 

Unblended fuel. 

0 

0 

62.6 

100.0 

Fuel plus zine naphthenate. 

0.58 I 

0.047 

68.0 

94.3 

Fuel plus lead naphthenate. 

0.32 

0.078 

46.8 

83.8 

Fuel plus copper naphthenate. 

1.03 

0.062 

45.7 

79.5 

Fuel plus manganese naphthenate.. . 

1.27 

0.076 

38.4 

68.0 

Fuel plus cobalt naphthenate. 

1.23 

0.074 

32.6 

67.4 

Fuel plus iron naphthenate. 

1.13 

0.068 

29.5 

62.6 


the metallic salts of naphthenic acids or mahogany soaps could effect a reduction 
of as much as 540°F. in the ignition temperature of the soot. Quantities of added 
salt varied between 0.5 and 30 per cent, depending upon the frequency and 
constancy with which the modified fuel was used. A quantitative study of the 
effect of naphthenates as soot inhibitors has been reported by Fischer and Hulse 
(30). Table 4 shows the marked reduction in soot formation. 

The metallic naphthenates have also found industrial application in the fields 
of preservatives and driers. As preservatives are included fungicides and in¬ 
secticides. The use of sodium naphthenate in place of soap for the preparation 
of oil-cresylic acid emulsions as insecticides has been reported by Jones (45), 
who claims that such an emulsion has increased stability to calcium compounds. 
A similar product was also reported by Berry (9). An emulsion of copper 
naphthenate with mahogany soap oil, alcohol, and water has been patented by 
Rogers and McNeil (73), who advocate this composition for the treatment of 
seeds and plants. 
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Copper and zinc naphthenates are effective insecticides and fungicides, and 
solutions of these salts in petroleum solvents are available commercially. Ac¬ 
cording to Trevor (91), good protection of wood against dry rot or mildew and 
termites is secured by the application of copper naphthenate. Protection against 
a wide variety of wood beetles is obtained through the use of zinc naphthenate. 
Attention is also called to the fact that sandbags are being treated in Britain with 
copper naphthenate to prevent their rotting. A six- to eight-fold increase in life 
was observed. 3 Despite the volume of “popular” information on the mildew¬ 
proofing of textiles with copper and zinc naphthenates, little or no quantitative 
data have been heretofore presented. Illustrative of the effectiveness of zinc 
naphthenate arc the results given in table 5, which were obtained on 6-oz. and 
12-oz. duck treated with different quantities of zinc naphthenate and buried for 

TABLE 5 


Effectiveness of zinc naphthenate in mildew-proofing of textiles 




TENSILE STRENGTH 

DUCK WEIGHT 

ZINC 

NAPHTHENATE 

Initial 

Final 



Warp j 

Filling 

Warp 

Filling 

ounces 

per cent 






G 

0 

117.0 


66.0 

Falling apart 


2 




63.0 

43.0 


4 



! 

105.0 

82.7 


6 




1(X).0 

85.7 


S 




116.0 

82.3 

12 

0 

216.0 


201 

13 

12 


2 




202.0 

190.3 


4 




202.9 

192.7 


6 




214.1 

204.3 


8 




217.0 

212.3 


2 weeks in mildew-infested soil maintained at 60-70°F. and about 25 per cent 
moisture content. The zinc naphthenate contained 12.5 per cent zinc. 

General experience has shown that copper naphthenate is much more effective 
than zinc naphthenate over an extended period of time. This is best illustrated 
by the results obtained when the accelerated burial test is continued for 7 weeks. 
At the end of this time a sample of duck containing 0.5 per cent of zinc as naph¬ 
thenate was falling apart, while the one containing the same amount of copper 
remained intact and showed only a trace of staining. A further illustration of 
the protective action of copper naphthenate is given by experiments on cotton 
seine twine, the results of which are given in table 6. The treated twine con¬ 
tained 0.5 per cent of copper as naphthenate. 

The phenol esters of naphthenic acid (88), as well as the glyceryl esters (50), 
have also been proposed as insecticides. Naphthenic acid has been used to in- 

* Private communication. 
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crease the activity of certain insecticides and fungicides (72) for which a polar 
solvent is required. 

Perhaps the largest present use fop metallic naphthenates is in driers. Because 
of this application a brief description of the general methods of manufacture is 
given. In the first method, neutral sodium naphthenate solution is mixed with 
approximately an equivalent quantity of a water-soluble salt of the metal to be 
combined as naphthenate. Since most of the precipitated naphthenates are 
sticky, the reaction may be carried out in the presence of a solvent. After puri- 


TABLE 6 

Protective action of copper naphthenate on cotton twine 


TIME 

TENSILE STRENGTH 

LOSS 

Untreated 

Treated 

Untreated 

Treated 

days 



per cent 

per cent 

0 

44.5 

47 



7 

21.5 

44 

51.6 

6.38 

14 

3.0 

46 

93.2 

2.25 

21 

0.0 

44 

100 

6.38 

28 

0.0 

32 

100 

31.9 


INVENTOR AND REFERENCE 


TABLE 7 

Some patents pertaining to driers 

SURJECT OF PATENT 


Allcman (3). 

Bogdan (10). 

Fisher (31). 

Fisher (32) . 

Gardner and Hodge (35) . . 

Gerlach (36). 

Mcidert (58). 

Meidert (59). 

Minicli (62). 

Minich (63) . 

Pohl and Insbeck (68) 

Boon (74) . 

Boon and Gotham (75). 

Boon and Minich (76). 


Metallic naphthenates from oil emulsions 
Stabilizing metallic naphthenates 
Beaction of naphthenic acid and oxides 
Combination of lead and other naphthenates 
Naphthenates of metals of sulfide group 
Metallic naphthenates from acetates 
Flux for fusing metallic naphthenates 
Combination of wool grease and naphthenate driers 
Stabilizing drier solutions 
Insoluble naphthenate driers 

Washing precipitated naphthenates with hot water 
Pale naphthenate driers 
Manufacture of naphthenate driers 
Naphthenates as grinding agents 


fication of the solvent solution, water and excess solvent are removed by distilla¬ 
tion. In some cases the precipitated naphthenate may be purified by washing 
with water under controlled conditions of temperature and agitation. In the 
second method of manufacture the naphthenic acid is heated with the oxide or 
carbonate of the metal to be converted to the naphthenate. Since the general 
principle of manufacture and use of naphthenate driers arc as outlined above, 
reference should be made to the following table of references for information on 
specific details (table 7). 
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Unlike esters of the fatty acids of comparable molecular weight, naphthenic 
acid esters are solvent plasticizers for cellulose derivatives. Schneider (80) pro¬ 
poses the use of naphthenic acid esters of ether alcohols, while Kirsthaler and 
Kaiser (48) and Barrett and Lazier (6) propose the use of esters of naphthenic 
alcohols. 

Some unusual uses for naphthenic acid and some of its derivatives have also 
been reported. Schladebach and Hahle (79) advocate copper naphthenate in a 
rust-proofing paint, while Brizzolara (13) uses various naphthenates in promoting 
the dispersion of carbon black. Hintcrmaier (42) records the preparation of a 
naphthenic acid-silicic acid anhydride, and Cassidy (16) combines naphthenic 
acids with heterocyclic nitrogen compounds. 

The foregoing discussion on the uses of naphthenic acids is probably far from 
complete, since their stability and acid character suggest many possible synthetic 
operations. As the composition and structure of the acids are more clearly 
understood, there is a possibility that they will find further application in syn¬ 
thetic organic chemistry as well as in the fields already developed. 
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The review is an attempt to deal with the chemistry of quinolines under the 
following headings: (a) reactions which lead to the synthesis of quinolines; ( b ) 
the reactions of quinolines not dependent upon the presence of substituents; 

(c) the reactions of quinolines dependent upon substituents; and (d) the natural 
occurrence of quinolines. 

The discovery of quinoline in 1842 by Gerhardt as the result of the drastic 
decomposition of quinine and of cinchonine antedates Anderson’s discovery of 
pyridine by four years. It was not, however, until Weidel in 1879 and later 
Ladenburg studied the pyridine bases in detail that the foundations for the 
chemistry of quinoline and isoquinoline were well and truly laid. The latter 
was discovered in the quinoline fraction of coal tar by Hoogewerff and van 
Dorp in 1885. It was largely due to the efforts of these chemists that subsequent 
work on the isoquinoline alkaloids proved so fruitful in the next century. 

The constitution of pyridine follows not only from the many syntheses but 
analytically from a number of important observations. Reduction adds six 
hydrogen atoms to pyridine, producing a secondary base,—namely, piperidine, 
C5II11N. Piperidine is a saturated compound and therefore monocyclic. A 
variety of methods are available for opening this ring, with the formation of an 
unbranched chain of five carbon atoms. It is thus possible to write pyridine 
(II) as a simple derivative of benzene (1) in which a methine group has been 
replaced by N=. 

/\ y\ syx syx /\/^ 

N 

V V \A/ v\/ 

I II III IV V 

Benzene Pyridine Naphthalene Quinoline Isoquinoline 

Just as naphthalene (III) may be regarded as the condensation product of 
two benzene nuclei, it is possible to regard quinoline (IV) and isoquinoline (V) 
as benzpyridines, quinoline being benz-2,3-pyridine and isoquinoline being 
benz-3,4-pyridine. 1 Like the benzene nucleus, the pyridine nucleus possesses 
aromatic character. The double bonds do not add groups or radicals, and if 
reaction docs occur (except with hydrogen), it is in general one of substitution. 

1 The question of the nature of the unsaturation of the pyridine nucleus and the dis¬ 
position of the double bonds is strictly analogous to the same problem of the benzene 
nucleus. No attempt will be made in this review to discuss such problems. 
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Whether or not the pyridine nucleus is more aromatic in character than the 
benzene nucleus depends upon the criteria chosen. Certainly it is extremely 
resistant to a variety of chemical changes, of which oxidation and decomposition 
by heat alone may be taken as examples. When benzpyridines are oxidized, 
the benzene nucleus is attacked first. The resultant products are generally 
pyridinedicarboxylic acids. 

In the following pages an effort will be made to elucidate the salient points in 
the chemistry of quinolines. No attempt will be made to catalogue all of the 
compounds. This has been done by Hollins (109) up to the time of the publica¬ 
tion of his very excellent book. Further, the naturally occurring alkaloids of 
the quinoline and isoquinoline group have been ably and exhaustively treated 
by Henry (105) in the third edition of his book and only casual reference to this 
subject is deemed desirable. There remains the subject of syntheses and of 
reactions. 


I. SYNTHESES OF QUINOLINE AND OF QUINOLINE DERIVATIVES 


Subsequent to the elucidation of its structure, the synthesis of quinoline by 
Skraup was probably the greatest single impetus to its further study. Not only 
was quinoline readily available from easily accessible materials, but a legion of 
substitution products could be as readily obtained. This reaction, which is one 
of the great classics of organic chemistry, has been the subject of numerous 
researches into its possible mechanism as well as of many attempts to improve its 
utility as far as yields and safety are concerned. In general, it is carried out by 
heating a mixture of an aromatic amine (with one of the ortho positions un¬ 
substituted), glycerol, sulfuric acid, and an oxidizing agent. The last may be 
the nitro compound corresponding to the amine used, but arsenic acid, ferric 
oxide, and even picric acid have been recommended. There have been described 
some thirty procedures by which quinoline or its derivatives may be obtained. 
Some of these are but slight variations of the others, and all but a few require 
aniline or a derivative as one of the starting materials. That is to say, the 
benzene nucleus and the nitrogen of the quinoline are already joined. In these 
syntheses, therefore, it becomes a problem of ring closure between the nitrogen 
and the ortho position of the benzene ring, with the addition of the required 
number of carbon atoms. There are, therefore, only four fundamental syntheses 
possible, all others being variations of these. The following four partial for¬ 
mulas indicate this graphically. The dotted line indicates the two atoms which 
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must be united to complete the hetero ring. In Type I the ring is to be completed 
by a union between the 7 -carbon atom and the benzene nucleus; in Type II the 
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union is to be between the p- and 7 -earbon atoms; in Type III the union is to be 
between the a - and /3-carbon atoms; and in Type IV the union is to be effected 
between the nitrogen atom and the a-carbon atom. There arc many syntheses 
which superficially do not fit into this simple classification. For example, the 
condensation of o-aminobenzaldel^de with ketones introduces carbon atoms 
a and ft in the one procedure and in effect is a combination of Types II and IV. 
Nevertheless, it is virtually certain that this reaction goes in stages and that 
the last stage belongs to one of the simple types. The well-known Skraup 
synthesis is a combination of Types I and IV. 

In the following resum 6 the four types will be discussed separately. In each 
synthesis where there are two or more stages, only the last will be considered as 
relegating the synthesis to a definite type. When the last stage is in doubt, a 
probable mechanism will be assumed. Lastly, a miscellaneous group of syn¬ 
theses will be detailed. 


Type I: The Skraup reaction 

In Type I, ring closure is effected by the elimination of hydrogen from the 
benzene nucleus and of an atom or group from the 7 -carbon atom. A prerequi¬ 
site is an ^-substituted aniline containing a chain of three carbon atoms. The 
latter may be prepared as a separate stage as in the first synthesis of quinoline 
by Koenigs (137), in which allylaniline was passed over heated litharge. Shortly 
thereafter, the same author (138) reported the second synthesis of quinoline by 
heating the condensation product of aniline and acrolein. In both cases the 
yields were mediocre but the basis for the classical Skraup synthesis ( 201 ) was 
established. In this synthesis aniline, glycerol, sulfuric acid, and an oxidizing 
agent are heated together. The action of the sulfuric acid on the glycerol yields 
acrolein, which condenses with the aniline. The nature of this first condensation 
product is in some doubt. Skraup’s original suggestion that a Sehiff base (V) 
is formed is not satisfactory. If it were so, croton aldehyde, i.o., /3-methyl- 
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acrolein, should yield as an intermediate the Sehiff base VI, which on ring closure 
would give lepidine. The product in the latter case, however, is quinaldine (10), 
and on this basis Simon (196) has suggested that the intermediate is either 
compound VII or the Sehiff base of the latter. Loss of water or aniline then 
completes the hetero ring, which, as in Koenigs’ synthesis, must still lose hydrogen 
to become aromatic. The formation of a compound analogous to VII by the 
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addition of an amine to a double bond is not without analogy. The addition 
of ammonia to a,0-unsaturated acids frequently gives rise to 0-amino acids. 
Whereas Koenigs in his first synthesis used litharge as an oxidizing agent, Skraup 
employed nitrobenzene. Knueppel (136) suggested an improvement by employ¬ 
ing arsenic pentoxide, particularly when nitroanilincs are condensed. Other 
oxidizing agents such as picric acid (120) and ferric oxide (7) may be mentioned. 

The reaction as carried out according to Skraup's procedure frequently pro¬ 
ceeds with great violence. Several important modifications have been sug¬ 
gested (37, 41, 47). The one of Cohn (42) which employs, in addition to the 
Skraup reagents, ferrous sulfate and boric acid, in the writer's experience 
proceeds smoothly and safely and the yields arc as claimed. 

The utility of the Skraup reaction is very great. While it is not possible to 
prepare quinolines substituted in the hetero ring, the record of failures with 
aromatic amines is conspicuously small. With meta-substitilted anilines both 
the 5- and the 7-substituted quinolines arc generally produced if the mcta 
substituent is ortho-para directing. When the substituent is mcta directing, 
only the 5-substituted quinolines result. The same positions are assumed by 
the meta substituent in the Doebncr-Miller synthesis (189). 

The reaction takes place with di- and tri-amino-substituted benzenes (176, 
203). Mono- and di-carboxylic derivatives of aniline react readily, although 
a carboxyl group may be eliminated. Thus the products from ra-aminobenzoic 
acid (145, 203) and from 3-aminophthalic acid (221) are identical and consist 
mainly of 7-carboxyquinoline. The naphthylamines react readily. From 
0-naphthylamine only the angular isomer, namely, 5,6-bcnzquinoline, is ob¬ 
tained. An attempt to obtain the 6,7-bcnzquinoline from 0-naphthylamine by 
blocking the a-position with a nitro group or a bromine atom results in the elimi¬ 
nation of this substituent, with the formation of the angular isomer (23, 147). 
The linear isomer is indirectly available through the ar-tetrahydro-0-naphthyl- 
amine which yields both forms, the linear one predominating (147). An inter¬ 
esting case is that of 0-nitroalizarin, from which Prud'homme (183) obtained 
a blue product by heating with glycerol and sulfuric acid. The product was 
shown by Gracbe (94) to be an anthraquinoline of formula VIII; hence this con¬ 
stitutes the first synthesis of a quinoline derivative without the author being 
aware that he was to anticipate Skraup. 



VIII 


Among other substituted anilines which may be noted there are alkyl-, 
cyano-, sulfo-, hydroxy-, alkoxy-, halogen-, phenyl-, and other anilines which 
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generally react with facility. Conspicuous by their absence are the reported 
failures. Among simple amines, p-aminoacetophenone (8) yielded no quinoline. 
Aminoquinolines themselves generally yield the expected condensation product, 
except for 7-amino-8-methylquinoline (153). 


Type I: The Doebncr and v. Miller Reaction 


In this synthesis there is the closest analogy to the Skraup reaction. Whereas 
the latter depends upon the formation of acrolein, the method of Doebncr and 
v. Miller (53) depends upon the intermediate formation of a substituted acrolein, 
thus yielding quinoline substituted in the hetero nucleus. Cinnamic (54), 
tiglic (190), and crotonic aldehydes (16) yield 2-phenyl-, 2,3-dimethyl-, and 
2-methyl-quinoline, respectively. It is evident that the condensation of aniline 
with a substituted acrolein to yield quinoline involves the loss not only of water 
but of two hydrogen atoms as well. Obviously hydrogen is not liberated as gas. 
From a dimeric form of ethylidcncaniline v. Miller obtained a 22 per cent yield 
of 1,2-dihydroquinaldine by the action of hydrogen chloride. Here a molecule 
of aniline is liberated and it is probable that the anil (IX) is an intermediate. 
Eibner (62) has shown that the liberated aniline may be condensed with benzal- 


CH=NC 6 H 5 

/\ \sH, 


CIIOH 


\/\ / 

NH 

IX 


CHCHa 



CHO 

/\ \lHCl 


SA ✓ 

N 
XI 


CCII, 


dehydo in situ. The products then arc quinaldinc or its bcnzal derivative and 
the reduction product of bcnzalaniline,—namely, benzylaniline. Jones and 
coworkers (61, 92, 116) have shown that the so-called “aldol bases” of v. Miller 
and Plochl (162) obtained from 4-w-xyIidine and acetaldehyde are cis- and trans- 
4-hydroxyquinolines of formula X. These compounds are converted by heat 
or by mineral acids into dihydroquinolines, which by dismutation yield the 
quinolines and tetrahydroquinolines. The more recent studies of Mills, Harris, 
and Lambournc (163) have shown that the hydrogen available in the reaction 
as usually carried out is utilized in the reduction of the anils of the aldehydes 
which may be present. In the east; of acetaldehyde there is formed, in addi¬ 
tion to quinaldinc and a trace of 6-othylquinaldinc, ethylaniline and n-butyl- 
aniline, the latter arising from the reduction of the two double bonds in 
C«H 6 N=CHCH==CHCH 3 . The 6-cthylquinaldine is regarded as being de¬ 
rived from p-cthylaniline formed as a result of the migration of the ethyl group 
from the nitrogen. 

Substances which yield acetaldehyde on treatment with sulfuric acid, such as 
glycol (53) and lactic acid (178, 224), may be substituted for it without any 
advantage, however. An interesting variation is the synthesis of 3-chloro- 
quinaldine by Busch and Koenigs (29) by heating aniline hydrochloride and 
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butylchloral hydrate with zinc chloride. Here the intermediate may be figured 
as having the structure shown in formula XI, and no hydrogen is available 
for reduction. 

With meta-substituted anilines the ring closure takes place in the two pos¬ 
sible ways (49), as in the Skraup synthesis, the 5-derivative predominating. 
In an earlier study Rist (188), however, claimed that the 7-derivative was 
always obtained. 

The reaction is also capable of being extended to a mixture of aldehydes 
which condense in the course of the reaction to yield a substituted acrolein, 
and here the condensation of aniline, propionaldehyde, and methylal (161) to 
yield 3-methylquinolinc deserves special mention. Most of the other recorded 
cases are ones in which benzaldehyde or a derivative is condensed in conjunction 
with an aliphatic aldehyde, and the products are 2-phenylquinolines (160). 

In general, the substituted anilines which yield quinolines in the Skraup 
synthesis also yield quinolines in the Doebner and v. Miller modification. 
Failures again are conspicuously absent, although m-phenetidine is an exam¬ 
ple (24). Whereas p-aminoacetophcnone failed in the Skraup reaction, it does 
not do so here (8). While aniline reacts normally with acrolein, p-toluidine 
yields no quinoline (152). 

Type I: Modifications of the Doebner and v. Miller reaction 

Under this heading may be classed a number of syntheses in which the pre¬ 
cursors of the substituted acrolein arc not necessarily aldehydes (although one 
of the reactants frequently is), but their derivatives such as pyruvic acids, 
ketones, /3-kctonic esters, and /3-diketones. Expressed in general terms, the 
reaction involves the condensation of two compounds, RCOCH 2 R' and 
R^COR"' to yield RCOCR'=CR"R"', which then reacts with an aromatic 
amine to yield RCOCHR'CR ,, R" , NHAr. Ultimate ring closure occurs under 
a variety of experimental conditions. Doebner (51) heated an alcoholic solution 
of aniline, pyruvic acid, and acetaldehyde and obtained quinaldine-4-carboxylic 
acid,—the aniluvitonic acid of Bottinger (22). Simon and Mauguin (200) 
obtained excellent yields by bringing together in cold benzene or chloroform a 
mixture of a-naphthylamine, benzaldehyde, and ethyl pyruvate. Hydrogen, 
of course, is not liberated. It is utilized in the reduction of some reactant or 
intermediate (35, 36). 

Some attention has been paid to the mechanism of the condensations 
involving pyruvic acid. Borschc (25, 26) showed that benzalaniline in 
boiling alcohol first forms an addition compound with pyruvic acid, 
C 6 H 6 NHCH(C 6 H 5 )CH 2 COCOOH, which easily yields 2-phenylquinoline-4- 
carboxylic acid. 

Simon (197, 198) studied the reaction between p-toluidine and pyruvic acid 
and the ester. With pyruvic acid an intermediate is formed which is regarded 
as having the structure shown in formula XII. When heated with water it is 
converted into 6-methylquinaldine. When p-toluidine is condensed with ethyl 
pyruvate, the main product is not XII but XIII. The latter is obviously 
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derived from the ester of XII by loss of ethyl alcohol and water and as a deriva¬ 
tive of diketopyrrolidinc will not yield a quinoline. 

The work of Borsche (25, 2G) has extended these observations to the condensa¬ 
tion products of a number of arylamines, pyruvic acids, and aldehydes. In 
most cases involving substituted pyruvic acids, ring closure occurs between 
the nitrogen and the carboxyl, yielding a diketopyrrolidinc which reacts with 
another molecule of amine forming an anil. The yields of quinoline were in 
general poor or nil. Only in the case of 0-naphthylamine were the quinolines 
obtained in moderate amounts. The recorded failures with unsubstituted 
pyruvic acid are comparatively few. Arsanilic acid (115), in - and p-amino- 
benzoic acids (52), and the nitroanilines (3) failed to yield quinolines. Most 
of the other failures are recorded in attempts to use formaldehyde as the second 
ketonic component, although it has been utilized successfully in a number of 
cases (26). Aromatic aldehydes react most readily and the a-arylcinchoninic 
acids or atophans find some use in medicine. A large number of patents cover¬ 
ing these substances have been granted 

The reaction with an arylamine in which the second molecule of an aldehyde 
is substituted by that of a ketone was first described by Reed (185), who 
succeeded in condensing 0-naphthylaminc with acetaldehyde and acetone. 
Beyer (16) was the first to synthesize lepidine by this procedure from aniline, 
formaldehyde, and acetone. The reaction is of wide application and yields a 
quinoline derivative in which the 7-substituent is supplied by the alkyl of the 
ketone. Of special interest is the condensation of aniline with chloroacetone 
and methylal (180). It is remarkable that the chlorine is not eliminated and 
appears in the 3-chlorolepidine, in spite of the fact that two hydrogens must be 
removed to obtain the final product. 

The fact that one of the molecules of the aldehydes can be replaced by a ketone 
leads logically to an attempt to realize the condensation in which both molecules 
of aldehyde are replaced by two molecules of a ketone. In other words, aniline, 
when condensed with two molecules of acetone, may be expected to yield a 
substance of formula XIV, that is, a dihydroquinoline from which hydrogen 
cannot be eliminated to yield a quinoline. Englcr and Riehm (71) heated 
aniline hydrochloride with acetone in the presence or absence of condensing 
agents and obtained 2,4-dimethylquinoline, together with a gas which proved 
to consist of methane. So great is the tendency of the hetero ring to become 
aromatic that not only methane is evolved but other hydrocarbons as well. 
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Knoevenagel and his coworkers (124, 12G, 129), in their studies of ketone anils, 
have shed some light on the course of the condensation. The anils of acetone, 
of methyl ethyl ketone, and of acetophenone give excellent yields of 2,4-disub- 
stituted quinolines when heated with hydrogen chloride at 180-200°C. It is 
assumed that an intermediate (XV) is formed from 2 moles of the anil which 
by loss of aniline yields XVI. When R in formula XVI is phenyl, benzene is 
ultimately eliminated in preference to methane and the main product is 2-methyl- 
4 -phenylquinoline. Heat alone, or heating with phosphorus and hydrogen 
iodide, gives excellent yields. Mesityl oxide may replace the acetone and even 
iV-methylaniline yields a quinoline in the usual manner, the AT-methyl group 
being eliminated. 

In a limited number of cases involving /3-naphthylamine (but not aniline), 
an aromatic aldehyde, and ethyl oxaloacetate (i.e., carbethoxypyruvic ester), 
it has been possible to synthesize quinoline derivatives. Simon and Con¬ 
duct (199) obtained a normal condensation product from benzal-/3-naphthyl- 
amine and oxalacetic. ester. This, on treatment with concentrated sulfuric acid, 
yielded a dihydroquinoline which readily lost hydrogen, yielding 2-phenyl-/3- 
naphthoquinoline-3,4-dicarboxylic ester. The reaction is further limited, as 
is the Doebncr pyruvic acid synthesis, by the tendency to form diketopyrrolidines 
or their anils. 

Of interest is a synthesis by Halberkann (96), in which p-anisidine was con¬ 
densed with oxalacetic ester alone, yielding 6-mcthoxycarbostyril-4-carboxylic 
acid. An analogous and very ingenious synthesis was achieved by Thiele- 
pape (219), in which V-methylacctanilide was first condensed with ethyl oxalate 
in the presence of sodium ethylate. The semi-amide of oxalacetic ester thus 
produced gave a quantitative yield of l-methylcarbostyril-4-carboxylic ester on 
treatment with sulfuric acid. 

Analogous to the reaction studied by Beyer (16) is one involving a,0-unsatu- 
rated ketones. Here the mechanism presumably involves the addition of the 
arylamine to the double bond, yielding a substance of formula XVII. 

In the case where X and R(Ar) were carboxyl and phenyl respectively, i.e., 
benzoylacrylic acid, Koenigs and Meimberg (140) obtained 4-phenylquinoline- 
2-carboxylic acid (XVIII). Blaise and Maire (19), by condensing vinyl ethyl 
ketone or /3-dichloroethyl ketone with aniline, obtained a substance of for¬ 
mula XVII (R = C 2 H 6 ; X = H), which on heating with aniline hydrochloride 
yielded 4-ethylquinoline. Vinyl propyl ketone and aniline yield 4-propyl- 
quinoline and the reaction also goes with anthranilic acid. 
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Type I: Condensations involving derivatives of fi-diketonvs 

Ethyl acctoacctatc reacts with aniline, yielding either /3-phenylamino- 
erotonie ester, C 6 H5NllC(CH 3 )=CnCOOr 2 H 5 (XIX) or acetoacetanilide, 
CH 3 COCIT 2 C()NHCfiH 5 (XX). In the cold a nearly quantitative yield of the 
former may be obtained, whereas at the boiling point the latter is obtained almost 
exclusively (73, 135), although in only moderate yields. The former on heating 
to about 240°C. and the anilide on treatment with sulfuric acid yield quinoline 
derivatives. The reaction was first observed by Conrad and Limpach (4b), who 
prepared 4-hydroxyquinaldine (XXI) and a number of 4-hydroxyquinolines by 

COOC2II5 



NH 

XIX XXI 


4-Hydroxyquinaldine 

COCII3 



XX XXII 

4-Methylcarbostyril 

this method. The reaction proceeds with formylacetic estersand with benzoyl- 
acetic ester (132), yielding 2-phenyl-4-hydroxyquinoline. Acctylacctone (44,45) 
and aniline yield 2,4-dimethylquinoline, and aroylacetones yi(4d 2-methyl-4- 
arylquinolincs (12, 15). The reaction is of considerable applicability, a number 
of arylamines having been substituted for aniline. It fails, however, with 
p-phenylenediamine (154) and yields an aminoquinoline with w-phenylene- 
diamine (154). 
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The preparation of 4-substituted carbostyrils was first investigated by Knorr 
(132, 133) and more recently by Ewins and King (73), who obtained excellent 
yields of 4-methylcarbostyril (XXII). 

Oxalacetic ester (96), acetonedicarboxylic ester (14), and other j3-ketonic 
compounds have been used with a variety of arylamines. 

Malonic acid, being in effect a 0-diketonic compound, has also been condensed 
with aniline to yield a quinoline derivative. The semi-anilide of malonic acid 
on treatment with phosphorus pentacliloride yields 2,4-dichloroquinoline, pre¬ 
sumably by way of 2,4-dihydroxy quinoline (191). The reaction has found only 
limited application. 

The syntheses of the hydroxy quinolines here typified do not involve the 
elimination of hydrogen. 


Type I: Miscellaneous syntheses 

Under this heading may be grouped a number of quinoline syntheses which, 
though of limited application, are adaptable to the preparation of compounds 
difficultly accessible by other routes. 

Aromatic imino-chlorides, ArN=CClAr, condense with sodiomalonic ester, 
yielding compounds of formula XXIII which on heating lose ethyl alcohol with 

COOC2H5 
^CHCOOCaHs 

c 

/ \ 

N Ar 

XXIII XXIV 

the formation of 2-aryl-3-carbethoxy-4-hydroxyquinolines (XXIV) (117, 
118, 119). 

Julolidine (XXV) is a tertiary tetrahydroquinoline obtained by Pinkus (181) 





CH 2 



CH 3 NH 


XXVI 


by heating formanilide with trimethylcne chlorobromide. The formyl derivative 
of o-toluidinc yielded 8-mcthyltetrahydroquinoline (XXVI). Tetrahydro¬ 
quinoline was obtained by Rindfusz and Harnack (187) by treating the con- 
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densation product of aniline and trimethylene chlorohydrin with phosphorus 
pentoxide. From dichlorohydrin and formanilide Bamberger and Kitschelt ( 5 ) 
obtained a complex mixture containing some quinoline as well as skatole. 

Reminiscent of the reaction of unsaturated ketones with aniline (vide supra) 
is one discovered by Spallino and Salimei (206). Acetanilide when heated with 
acetophenone and zinc chloride yielded 4 -phenylquinaldine, presumably by 
way of XXVII. 


COC 6 H 5 

/\ X CH 


/ 

NH 
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cch 3 


Pictet and Barbier (175) had already condensed acetophenone with formani¬ 
lide. Although an intermediate similar to XXVI l is possible, the ultimate 
product was 2-phenylquinoline. In these reactions the elimination of hydrogen 
is not necessary. 

There remain to be mentioned two syntheses of tetrahydroquinolinc deriva¬ 
tives which are of interest in that they virtually amount to a modified Friedel- 
Crafts reaction. Clcmo and Perkin (39, 40) prepared 4-ketotetrahydro- 
quinolines by treating the tolucnesulfonyl derivative of 0 -arylaminopropionic 
acids with dehydrating agents, the tolucnesulfonyl group being eliminated 
during the reaction or later by acid hydrolysis. 
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Mayer, van Zutphen, and Philipps (155) developed a general method for pre¬ 
paring dihydrocarbostyrils from the arylamides of $-chloropropionic aeid. Alu¬ 
minum chloride was used to close the ring, and in the twenty-one cases cited the 
yields were mostly good. 
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Type II syntheses 


The reactions described under this heading lead to the synthesis of the hetero 
ring by a union of carbon atoms 3 and 4. There is frequently a certain element 
of ambiguity as to the mechanism of these processes. In many cases a reaction 
involving ring closure by union between the nitrogen atom and the 2-carbon 
atom is also a feasible one. Nevertheless, the latter type is well recognized as a 
special one where no other mechanism is possible, and those will be considered 
under Type IV. 

Generally speaking, the reactions of Type II necessitate the condensation of 
an ortho-substituted arylamine with a compound containing two or more carbon 
atoms. The amino group first condenses with some reactive substance, yielding 
a product which simultaneously or by a separate condensation eliminates water 
to form the hetero ring. The simplest example is the synthesis of quinoline from 
o-toluidine and glyoxal in some 35 per cent yield by heating with sodium hy¬ 
droxide to 150°C. (141). 
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The reaction is not general and fails with benzil (142), although with ethyl 
pyruvate in the presence of alcoholic zinc chloride Ivulisch (142) obtained a 
compound which was almost certainly 3-hydroxyquinaldine. The Madelung 
synthesis of indoxylic acid (149), i.e., by heating oxalyl-o-toluidine with sodium 
ethylate, yields a small amount of 2,3-dihydroxyquinoline. 

Perhaps the most important type of reaction in this section is the one involv¬ 
ing an ortho-amino aroyl compound (I) condensed with a carboxyl compound 
containing an a-methylenc group (II), thus yielding a fully aromatic hetero 
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ring (III). The earliest example of this type of condensation is the synthesis 
of flavaniline by heating acetanilide with zinc chloride. The constitution of 
this substance and the mechanism of its synthesis were, however, elucidated by 
Besthorn and Fischer (13) only after Friedlaender (84) in 1882 obtained quinoline 
by condensing o-aminobenzaldehyde with acetaldehyde in the presence of sodium 
hydroxide. (R, R', and R" = H in formulas I, II, and III.) Propionaldehyde 
condenses with o-aminobenzaldehyde to yield a compound which on distillation 
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loses water and forms 3-methylquinoline (228). When acetanilide is heated 
with zinc chloride, the acetyl group migrates to the ortho and para positions and 
the aminoacetophenone thus formed yields flavaniline (IV) (13). 


CH* 



Flavaniline 

Two molecules of o-aminoacetophenone can be condensed by heating with formic 
acid, yielding an o-aminophenylquinoline (18). 

The Friedlaender synthesis is of special importance because of the wide choice 
of the groups R, R', and R", in addition to the fact that the benzene ring may 
carry a diverse number of substituents. R may be H (o-aminoaldehydes), 
CH 3 and C 6 H 5 (o-aminoketones), COOH (isatic acids), or OH (anthranilie acids). 
R' may be H, alkyl, aryl, N0 2 , S0 3 H, S0 2 Ar, COOU(C 2 lU), CN, COCH*, 
COC«H 6 , OH, and other groups. R" may be II, alkyl, aryl, OH, CH=NOH, 
COOH, etc. It is evident, therefore, that aldehydes, ketones, ketonio esters, 
acids, nitriles, and other compounds containing at least one carboxyl group 
may be condensed with ami noaryl compounds containing an ortho-carbonyl 
group. Failures to effect a quinoline synthesis are exceptional. In the case of 
o-aminobenzaldehyde, the reaction fails with desoxybenzoin (223). Of special 
interest is the synthesis of j8-nitroquinolim s by condensations involving meth- 
azonic acid, HON=CHCII=NOOH, which reacts as the oxime of nitroacetal- 
dehyde (222, 223). A large number of 0-nitroquinolines have been recorded 
in the patent literature. 


H 



0 -Nitroquinoline 


Diacetyl condenses with two molecules of o-aminobenzaldehyde, yielding 
a, a'-diquinolyl (205). The methyl group of methyl alkyl ketones, CH 3 COCH 2 R, 
takes the a-position in the resulting quinoline (67). The condensations with 
o-aminobenzaldehyde are generally brought about by dilute alkali, by heat 
alone (228), or by means of piperidine (211). 

The extension of the Friedlaender synthesis to isatic acid (V) is due to Pfitzin- 
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ger (172) who substituted this substance for the o-aminobenzaldehyde. Thus 
the condensation with acetone yields aniluvitonic acid (VI). The isatic acid is 
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obtained by heating isatin with aqueous sodium hydroxide and is used directly. 
With aldehydes the condensation proceeds normally, except that resinification 
of the aldehyde by the strong alkali may occur. The oximes of the aldehydes 
react as readily and do not resinify in the presence of alkali (173). The 0-oxime 
of isatin is then obtained as a by-product. 

The earliest example of the Pfitzinger reaction is the formation of “flavindin,” 
a substance obtained by the over-reduction of indigo (195). Its constitution 
(quindoline-5-carboxylic acid) (VIII) and its mode of formation were elucidated 
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as follows (75, 167): The reduction of the indigo yielded a mixture of isatin, 
which hydrolyzed to isatic acid, and indoxyl (VII) and these in the presence of 
the alkali condensed to yield the flavindin. 

Although acetaldehyde failed to yield cinchoninic acid, the oxime did so (173). 
Recorded failures in other cases are rare. Levulinic acid, which does not yield 
a quinoline derivative with o-aminobenzaldehyde, reacts normally with isatic 
acid (70). Acids yield carbostyrils (96). 

v. Walther (225) in 1903 introduced an important modification of the Fried- 
laender-Pfitzinger synthesis. The imino-nitriles of the type NH=CRCH 2 CN 
(i.e., dinitriles) react like the corresponding ketones and with isatic acid yield 
2-alkyl-3-cyanocinchoninic acid. The reaction has been extended to a number 
of amino-nitriles in conjunction with o-aminobenzaldehyde and with o-amino- 
acetophenone (158). The reaction fails with isatin, yielding instead a complex 
dihydropyridine (225). This would indicate that the first phase of the con¬ 
densation is one involving the amino and the imino groups, yielding an arylimino 
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compound through loss of ammonia; this compound subsequently loses water 
with the formation of the heterocyclic ring. The mechanism of Borsche and 
Jacobs (27) to account for the condensation of isatin with malonic acid to yield 
2-hydroxycinchoninic acid involves the primary condensation between the 
carboxyl of the isatin and the methylene of the malonic acid. Equally reason¬ 
able is the primary formation of a malony lisa tin, followed by hydrolysis to 
malonylisatic acid and ultimate loss of water (and carbon dioxide under the 
conditions used by them). 

In many cases anthranilic acid, when condensed with aldehydes, yields the 
8-carboxyquinolincs,—the normal product of the Doebner-Miller reaction. 
Niementowski (1(56), however, discovered that in some cases the Schiff base of 
anthranilic acid and an aldehyde (heptaldehydc) (105) yield a small amount 
of 3-alkyl-4-hydroxyquinoline when heated to 200°C. Acetophenone and an¬ 
thranilic acid yield 2-phenyl-4-hydroxyquinoline (100). Acetoaeetic ester with 
anthranilic acid yields the 8-earboxycarbostyril by the usual Knorr reaction, 
but when the position ortho to the amino group is occupied by a methoxyl group, 
the reaction yields 2-mcthyl-3-oarbethoxy-4-hydroxy-8-methoxyquinoline (80). 

Methazonic acid first forms an anil, which on heating with acetic anhydride 
yields 3-nitro-4-hydroxyquinoline (59). Benzoylacetic ester yields a complex 
mixture (106). 

An application of the Dicckmann reaction to the synthesis of a quinoline 
derivative is the conversion of ethyl acetylanthranilate into 2,4-dihydroxy- 
quinoline by treatment with sodium, although the yield in the writer's experi¬ 
ence is low (57). 


COOC2H5 OH 
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acetylanthranilate 2,4-Dihydroxyquinoline 

The important reaction by which 4-alkyl (and aryl) derivatives of quinoline 
may be readily obtained from o-acylanilincs was extensively studied by Camps 
(30, 31, 32, 33), who recorded his well-planned experiments in a series of papers. 
The reaction was discovered by Guareschi, who obtained 2-hydro xy-3-cyano- 
4-methylquinoline by condensing o-aminoacetophenone with ethyl cyanoacetate. 
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The reaction is strictly analogous to the syntheses involving o-aminobenzalde- 
hyde. It offers the advantage that a wide choice of substituents can be intro¬ 
duced into positions 3 and 4, although the 2-position in these cases carries a 
hydroxyl group. The reaction has been carried out with o-amino derivatives 
of benzophenone, acetophenone, propiophenone (230), benzoylacetic ester (31), 
and benzoylcarbinol (31). With esters of aliphatic acids two reactions occur 
simultaneously, the intermediate acylamino compounds forming the ring in 
two ways. Since the carbostyrils are non-basic, they may be easily separated 


OH 



from the 4-hydroxy compounds which are soluble in acids. When R is CeH B , 
CN, COCH 3 , COCJIfi, or COOC 2 H 6 , the reactivity of the hydrogen atoms in 
the methylene group is greater than that of those in the methyl group and only 
carbostyrils are obtained. The condensation is brought about by heating the 
ester with the amino compound, and the yields are good. It is to be observed 
that reaction A above is an example of ring closure between atoms a and 0, 
that is, Type III. 


Type III syntheses 

The number of syntheses which may be classed as being of Type III is small 
and of little general utility. The most important examples are, in fact, those 
described in the last section, which arise from the fact that the Camps synthesis 
can take either of two courses. 

When acetylethylaniline is heated with zinc chloride, a mixture of 0 - and 
p-ethylacetanilides is formed. The former is regarded as giving rise to the small 
amount of quinaldine that is obtained (177). 




Quinaldine 
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Acetylmethylaniline, however, yields quinoline under the same conditions 
(179) and obviously the reaction cannot be formulated in the same way. A 
more authentic example of ring closure of Type III is one recorded by Gabriel 
and Lowenberg (89), which by an involved series of reactions led to a complex 
4-ketotetrahydroquinoline. Equally involved Is the formation of a quinoline 
derivative from A-benzoyltetrahydrocarbazole (170), and the original papers 
should be consulted. Only slightly less complex is the synthesis of 2,3-dimcthvl- 
6,7-methylenedioxyquinoline from o-nitrosafrolc (81). 

Neber (164) claimed the ring closure of I to yield II, but Klicgl and Schmalen- 


CH 2 



bach (123) showed that the compound formulated as II was o-nitrobenzal- 
oxindole (III). 

Type IV syntheses 

The reactions classed under Type IV involve ring closure between the nitrogen 
atom and the 0-carbon atom by the loss of water or its equivalent. The ortho- 
substituting group must therefore consist of a chain of at least three carbon 

atoms, the end one carrying a reactive group. . ... 

In this section belongs what is probably the first synthesis of a quinoline 
derivative, namely, carbostyril. It was obtained by Chiozza (34), by reducing 
o-nitrocinnamic acid with ammonium sulfide, the aminocinnamic acid being 
the intermediate. 



NH S 


The reaction has been the subject of numerous later investigations. A variety 
of reducing agents has been used (93, 220). The 0 -aminocinna ml c^acid may 
be obtained from the o-chloro acid by the action of ammonia (159). There seem 
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to be no particular limitations which restrict the utility of the reaction except 
the accessibility of suitable o-nitro- or o-amino-cinnamic acids. The reduction 
with specific reagents frequently yields a 1-hydroxycarbostyril, but further 
reduction eliminates the hydroxyl group (85,104, 216). The dihydrocarbostyrils 
result from the reduction of o-nitrodihydrocinnamic acids (65). The prepara¬ 
tion of 1-aminodihydrocarbostyril from o-hydrazino-/3-phenylpropionic acid has 
been described by Fischer and Kuzel (78). The reduction of di-(o-nitrobenzyl)- 
malonic ester yields a spiro-carbostyril (I) (146), whereas heating with caustic 
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soda results in the loss of the carbethoxyl groups and an intcrmolccular oxidation- 
reduction, with the ultimate formation of a substance which has been given 
formula II and is therefore a quindoline derivative (74). 

o-Aminophcnylpropiolic acid does not spontaneously yield a quinoline deriva¬ 
tive, but in the presence of sulfuric acid it yields 2,4-dihydroxyquinoline (3). 
In this reaction o-aminobenzoy lace tic acid is a probable intermediate. When 
dilute hydrochloric acid is used, the condensation product is 4-chlorocarbostyril 
(3, 4). The synthesis of 5-methylquinoline is of interest, in that it cannot be 
conveniently obtained by any of the methods thus far described. It was 
obtained by Gabriel and Thieme (90) from 2-nitro-6-methylbenzoylmalonic 
ester by reduction with phosphorus and hydrogen iodide to 2,4-dihydroxy-5- 
methylquinoline, which was ultimately reduced to 5-methylquinoline via the 
2,4-dichloro compound. 

An important extension of the carbostyril synthesis is one involving, not the 
cinnamic acids or their dihydro derivatives, but the /3-(o-nitroaryl) ketones (III) 
and their unsaturated derivatives, the e-nitrobenzal ketones (IV). 
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Jackson (111) obtained tetrahydroquinaldine by reducing o-nitrobenzyl- 
acetone, whereas the reduction of o-nitrobenzalacetone yielded quinaldine (56). 
The reduction of o-nitrobenzalpyruvic acid (formula IV, R = H and R' = 
COOH) yields, not the expected quinaldinic acid, but its 4-hydroxy deriva- 
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tive (99). Reduction of o-nitrobenzylacetoacetic esters yields quinolines, not 
the dihydro compounds (112). 

The o-nitrobenzoylketones of the type V on reduction yield substituted 


CO OH 



V VI 

2-pheny 1-4-hydroxy quinolines (VI) (R = H, CN, or COOC 2 II B ) (88). 

The reduction of o-nitrobenzalisatin (VII) is of interest in that it leads to 



VII VIII 

o-Nitrobenzalisatin pcri-Quindolinc 


pm-quindolinc (VIII), an example of a condensed compound containing both 
the indole and the quinoline nuclei. 

The lone example of the addition of an e-amino group to a carbon carbon 
double bond to yield a quinoline is recorded by Fischer and Kuzel (79). Reduc¬ 
tion of e-nitrocinnamylideneacetone yielded 2-aeetonylquinoline. 

Strictly analogous is the addition of the o-amino group to the carbon-nitrogen 
triple bond in compounds of the formula IX, to yield 3-substituted 2-amino- 
quinolines of formula X. 


CH 



IX X 


Compounds of formula IX are obtained by condensing o-acetylaminobenz- 
aldchyde with arylacctonitriles and may yield the aminoacetylquinoline directly 
or on treatment with alkali (184). Acetonitrile does not condense with o-acetyl- 
aminobenzaldehyde, but its condensation product with o-nitrobenzaldehyde may 
be reduced to o-aminocinnamic nitrile, which on treatment with alkali yields 
2-aminoquinolinc. 

Reduction of o-nitrobenzoylcyanoacetic ester with hydriodic acid and phos¬ 
phorus yields 2-amino-4-hydroxyquinoline. The carbethoxyl group is eliminated 
under these conditions and 2,4-dihydro\y-3-cyanoquinoline Is obtained (87). 

The condensation of o-nitrobenzaldehyde with acetone yields a representative 
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of the so-called lactic methyl ketones (XI). This substance on gentle reduction 
gave a compound which Heller and Sourlis (102) regarded as being 4-keto- 
dihydroquinaldine (XII). It was shown, however, by Meisenheimer and 



Stotz (157) to be identical with quinaldine A-oxide (XIII). The latter, of 
course, is readily obtainable by the oxidation of quinaldine with perbenzoic acid. 

Miscellaneous syntheses 

Under this heading it Ls proposed to group a number of syntheses which have 
resulted in compounds known to be, or regarded as being, quinolines. In a 
number of cases the mechanisms are obscure and frequently the reactions lack 
generality. In many cases the starting materials are difficultly accessible or 
the yields are poor. 

Dziewonski and Mayer (60) obtained 2-phenyl-3-methyl-4-aminoquinoline by 
heating a mixture of s?/m-diphenylthiourea and propiophenonc to 250-260°C. 
Although a mechanism is postulated, it lacks conviction. 

Heller (101) obtained 2,3-dihydroxyquinoline by the reaction of isatin in 
ether with diazomethane. This reaction finds an analogy in the ring enlarge¬ 
ment of cyclic ketones by the same reagent. 



An interesting example of a Beckmann rearrangement leading to a quinoline 
derivative is the preparation of hydrocarbostyril from the oxime of a-hydrin- 
done (122). As Is to be anticipated, no isoquinoline derivative is formed. 

Fischer and Stcche (80) have shown that the treatment of indoles with alkyl 
iodides at 100°C. yields dihydroquinolines cany ing an alkyl group on the nitrogen 
atom. The ring is enlarged between the nitrogen atom and what is to become the 
0-carbon atom. With ethyl iodide, therefore, the resulting quinoline is a deriva¬ 
tive of l-ethyl-2-methyldihydroquinoline. The yields are good but the mecha¬ 
nism is obscure. 
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CH, 

A similar transformation of an indole into a quinoline derivative was observed 
by Magnanini (150, 151). When 2-methylindole is heated with chloroform and 
sodium ethylate, it is converted into 2-mothyl-3-chloroquinoline. Under the 
same conditions 3-methylindolc yields 3-chloro-4-mothylquinoline ((>9). The 
entering carbon atom takes up the /3-position in the resulting quinoline, and the 
reaction appears to be quite general (121). Ellinger (08) has suggested a 
mechanism which, however, is not convincing. 

Quinoline is obtained in small yield from either 1- or 2-methylindole when 
each is passed through a tube heated to dull redness (174). 

Finally, mention may be made of two transformations of dihydroindoles into 
quinoline derivatives which were discovered by lleller and Wunderlich (103) and 
by Heller (100). In the first example nitrous fumes effected the change, 



and the second example was written thus: 

OH 



The source of the added carbon atom was not adequately explained, although 
the dihydroxy acid on treatment with acetic anhydride yielded quinaldinic acid. 

Other syntheses 

There remain to be described a number of reactions which yield hydroquino¬ 
lines from compounds in which the nitrogen is not already joined to the benzene 
nucleus. The resulting products are usually hydrogenated in the benzene 
nucleus. 

Stobbe condensed /3-methylcyclohexanone with benzalacetophenone, thus 
obtaining a 1,5-diketone (214, 215), which on treatment with hydroxylamine 
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yielded II. The reaction is obviously a simple variation of the pyridine synthe¬ 
sis of Knoevenagel (125, 130). The position of the methyl group is in doubt. 
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The condensation of hydroxymethylenecyclohcxanone, i.e., formylcyclo- 
hexanone, with cyanoacetamide yields a substance formulated as III, which by 
further loss of water leads to the quinoline (IV) (204). 
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Knoevenagel and Fries (127, 128) condensed ethyl malonate with ethyl 
0 -aminocrotonate and obtained a compound which was regarded as being 
2-methyl-3-carbethoxy-4,5,7-trihydroxy quinoline. 
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Quinoline may be obtained from acridines under certain conditions. Acridine 
with hydrogen when passed over reduced nickel at 250-270°C. yielded a small 
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amount of 2,3-dimcthylquinoline (169). Oxidation of certain acridine deriva- 
tives leads to quinolinecarboxylic acids (107, 127). 

The formation of 6,8-dimcthylquinoline (VII) from cytisine (V) by heating 
with zinc dust (72) or with phosphorus and hydrogen iodide (83) is a rather 
remarkable example of a rearrangement which obscured the true constitution 
of the alkaloid for many years. Owing to the researches of Ing (110) and of 
Spath and coworkers (207, 208, 209), the true formula is now known. If it 
be assumed that the transformation to a quinoline derivative first involves the 
severance of the bond from tertiary nitrogen to CI1 2 and a new ring is formed 
at the position marked with an asterisk, a substance of formula VI would result. 
It is obvious that the latter could readily lose the necessary elements to yield 
6,8-dimethylquinolino. Further support to such a mechanism is given by the 
fact that cytisoline, the main product of the hydrogen iodide-phosphorus reac¬ 
tion, is the 2-hydroxy derivative of VII. 

II. REACTIONS OF QUINOLINE 

In the course of the very extensive work on quinoline and its derivatives, a 
large number of reactions of these compounds has been observed. In many 
cases, of course, the reactions are those met with in general organic chemistry 
and call for no special mention. Such reactions, as the esterification of acids 
or the hydrolysis of esters, in general follow the anticipated courses and will not 
be discus&cd further. 

There are, however, a great many observations which could not have been 
predicted with certainty. They are in some measure peculiar to the chemistry 
of quinoline and call for some discussion. In the space available it is not pos¬ 
sible to give a detailed account of even all salient observations. An attempt will 
be made to select typical reactions which admit of certain generalizations and 
to draw attention to some cases which seem more or less unique. The references 
quoted are not claimed to be complete. It is hoped, however, that the citations 
given will be adequate to trace any particular subject. For this reason it ha*s 
been deemed desirable in many cases to give only the more recent references. 

In the following pages there will be discussed first those reactions of quinoline 
and derivatives which do not specifically involve substituents. The next unction 
will be devoted to reactions which involve the substituents. 

A. Reactions not involving substituents 

One of the earliest known reactions of quinoline is its reduction to tetrahydro- 
quinoline by means of zinc and hydrochloric acid, and this reduction can be 
carried out with most alkyl and aryl derivatives. A variety of reducing agents 
may be used,—tin and hydrochloric acid, sodium amalgam (139), sodium and 
alcohol (226),—and in these cases only the pyridine nucleus is reduced. 

Catalytic reduction of quinoline hydrochloride in ethanol in the presence of 
platinum oxide yields a mixture of cis- and tfrans-decahydroquinolines, whereas 
reduction of the base in glacial acetic acid yielded only the tfrans-modification 
(168). Reduction in the vapor state over nickel yields a mixture of products. 
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Good yields of tetrahydroquinoline were obtained by catalytic reduction in the 
presence of osmium and cerium dioxide (192). The tetrahydroquinolines are 
also obtainable by reducing the carbostyrils with sodium in absolute alcohol 
(73, 134). The nitroso derivative of tetrahydroquinoline on reduction yields 
1-aminotetrahydroquinoline (108). 

Oxidation of quinoline yields pyridine-2,3-dicarboxylic acid, and the prepara¬ 
tion of this acid in good yield has been studied by Stix and Bulgatsch (213). 
Hydrogen peroxide is the reagent recommended. The oxidation is carried out 
in the presence of copper sulfate and the sparingly soluble copper salt separates 
as oxidation proceeds. The absence of iron is important. 

Reissert (186) treated quinoline with benzoyl chloride in the presence of aque¬ 
ous potassium cyanide. He obtained l-benzoyl-2-eyano-l ,2-dihydroquinoline, 
which on hydrolysis with hydrochloric acid yielded benzaldehyde and quinaldinic 
acid. The reaction has been extended by Sugasawa and Tsuda (217) to a num¬ 
ber of substituted benzoyl chlorides with the object of preparing the correspond- 
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ing aldehydes. In a number of cases the yields were good, but the reaction 
failed with phenylacetyl chloride and with heptoyl chloride. 

Perbenzoic acid in benzene solution reacts readily with quinoline and its 
alkyl derivatives to yield the N -oxides (150). Mild reducing agents reconvert 
the latter to the original quinolines. Quinoline N-oxide reacts with sulfuryl 
chloride to give 4-chloroquinoline and a small amount of 2-chloroquinoline 
( 21 ). With benzoyl chloride the iV- oxide yields carbostyril, while the added 
presence of aqueous potassium cyanide results in the formation of 2-cyano- 
quinoline ( 106 ). 

The nitration of quinoline has led to contradictory results, presumably because 
the conditions of the nitration have a decided influence on the course of the 
reaction: Schorigin and Toptschiew (194) obtained the 7-nitro- or the 5,7-di- 
nitroquinoline, depending upon the temperature, when nitrogen peroxide was 
the nitrating agent. Bacharach, Haut, and Caroline (2) showed that nitration 
with fuming or with concentrated nitric acid and sulfuric acid yielded only 
the 5- and 8-nitroquinolines. However, a mixture of acetic anhydride, lithium 
nitrate, and copper nitrate yields exclusively the 7-nitro compound. 

Doebner and v. Miller (55) reported that quinaldine on nitration in sulfuric 
acid yielded the 7- and the 8-nitro derivatives. Decker and Remfry (49) and 
Hammick (98) showed, however, that only the 5- and the 8-nitroquinaldines 
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are obtained. The nitration of lcpidine yields only the 8-nitro derivative (189), 
presumably because of the steric effect of the 4-methyl group on the 5-position. 

The action of halogens leads to mixtures. Bromination has been studied under 
a variety of experimental conditions. In carbon disulfide a tctrabromoquinolinc 
is formed, whereas bromine reacts with quinoline in the absence of solvent to 
yield a tetrabromide. An aqueous solution of a quinoline salt reacts with bro¬ 
mine at an elevated temperature to yield a mixture from which 3-bromoquinoline 
can be isolated in reasonable yield (38). The vapor-phase bromination has 
been investigated by Jansen and Wibaut (113). When the vapors were sepa¬ 
rately preheated and passed over pumice at 300°C., a 25 per cent yield of 
3-bromoquinoline was obtained. At 450°C. a 24 per cent yield of 2-bromo- 
quinoline was obtained, together with only a trace of the 3-bromo compound. 

Quinoline and its derivatives readily react with alkyl halides, yielding A-alkyl- 
quinolinium halides (202). The latter are readily reduced (for example, by 
means of zinc and hydrochloric acid) to A-alky ltct rally droqu inclines (82), and 
this is certainly one of the best methods for obtaining such substances. 

The alkylquinolinium hydroxides are strong water-soluble* bases which on 
oxidation with potassium ferricyanide yield the A-alkyl-a-quinolones (48, 70). 
The iV-alkylquinolinium iodides (or nitrates) in combination with the cor¬ 
responding quinaldinium and lepidinium compounds and their derivatives yield, 
on treatment with sodium methylate, the so-called cyanine dyes, which have 
found extensive use in photography as photosensitizing agents. The study of 
these complex compounds and their application is a very specialized one and can 
be treated adequately only in a separate review. 

Barium amide in liquid ammonia reacts with quinoline to yield 2-amino- 
quinoline with the elimination of hydrogen. Other amides give smaller yields 
and alkali amides give only resinous products (9). 

Aiyl and alkyl lithium compounds react with quinolines to yield largely 2- 
alkyl or 2-aryl-quinolines, the 1,2-dihydro compounds being obtainable as 
intermediates. Quinaldine yields a lithium derivative, which on treatment 
with alkyl halides is converted to alkylquinaldines, the alkyl group entering 
the side chains (231). 

Aryl and alkyl Grignard. reagents react with quinoline to yield insoluble 
addition compounds, which on heating to 150-4f>0°0. rearrange to 2-aryl- and 
2-alkyl-quinolines, respectively (10). 

The Diels-Alder reaction with quinoline and quinaldine has been studied in 
detail (50). Two molecules of dimethyl acetylenedicarboxylate form a labile 
addition compound with quinoline, which on heating rearranges to the stable 
ester (I; X = COOCH 3 ). 
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B. Reactions involving substituents 

The simple alkyl derivatives of quinoline on oxidation frequently give rise 
to the acids carrying a carboxyl in place of the alkyl group. The methyl 
group in quinaldine or in lepidine but not that in 3-methylquinoline displays a 
special reactivity. The condensation of quinaldine (224) and of lepidine (224) 
with benzaldchyde and other aldehydes in the presence of zinc chloride leads 
to the formation of 2- and 4-styrylquinolines, respectively. Substituents 
frequently interfere with such reactions. Stark (212) failed to obtain condensa¬ 
tion products with 3-aminoquinaldine or its acetyl derivative. Wislicenus and 
Kleisinger (229) condensed quinaldine and lepidine with ethyl oxalate by means 
of potassium ethylate. The compounds, C 9 II 6 NCH 2 COCOOC 2 H 6 , were 
obtained in good yield. With chloral the products have the formula, 
C 9 H6NCH 2 CH(0H)CC1 3 , and these compounds can be hydrolyzed to 0- 
quinolylacrylic acids with potassium carbonate (66). 

Eibner and Lange (G4) and Eibner and Hofmann (63) made an extensive 
investigation of the reaction of quinaldine with phthalic anhydride. On 
gently heating a mixture of these substances, there is first formed a compound 
(II) which when further heated loses water and yields quinoisophthalone (III). 
This compound is moderately stable but on heating to a still higher temperature 
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suffers a rearrangement to yield quinophthalone (IV). This reaction is of 
diagnostic value in identifying quinaldine and its derivatives and has been 
so used by Bailey and his coworkers in their study of the quinoline bases from 
petroleum distillates (143). The quinophthalones are sparingly soluble crystal¬ 
line compounds of high melting point. 

Q uinaldin e on bromination yields only the w-tribromoquinaldine and this on 
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hydrolysis with dilute sulfuric acid yields quinaldinic acid (97). Selective 
bromination to a mono- or a di-bromo derivative could not be effected. How¬ 
ever, reduction of the trichloroquinaldine with stannous chloride could be 
controlled to yield the diehloro or the monochloro derivatives. Treatment 
of these compounds with silver nitrate in ethanol or acetone gave quantitative 
yields of quinaldinic aldehyde and 2-quinolylcarbinol, respectively (98). 

Hydroxyquinolines carrying the hydroxyl in the benzene ring behave like 
ordinary phenols. When the hydroxyl is in the pyridine nucleus it undergoes 
a number of reactions not common to a phenolic hydroxyl, although these 
compounds are soluble in strong alkalis. Heating with zinc dust in an at¬ 
mosphere of hydrogen yields the corresponding quinoline (73, 131). The hy¬ 
droxyl in position 2 or 4 is readily replaceable by chlorine when the compounds 
are treated with a mixture of phosphorus pentachloride and phosphorus oxy¬ 
chloride. These ehloro compounds can be reduced to quinolines by heating 
with red phosphorus and hydrogen iodide (131). When 2-ehloroquinoline is 
treated with potassium methylate, 2-inethoxy qu incline is obtained and this 
when heated to a high temperature rearranges to yield JV-methyl-2-keto-l ,2- 
dihydroquinoline, which is also obtained by treating carbostyril with methyl 
iodide and alkali. The latter with phosphorus pentachloride in diehlorobenzene 
is easily reconverted to 2-ehloroquinoline (77). The 2-hydroxyquinolines (i.c., 
the carbostyrils) are very weak bases, and the salts are almost completely 
hydrolyzed even in moderately strong acid solutions. The other hydioxy- 
quinolines are in general as strong bases as the corresponding quinolines, so 
that in reactions where a mixture of the 2- and 4-hydroxyquinolines may be 
formed they are easily separable because of the difference in their solubilities 
in acid (33). 

When 3-hydroxy quinoline is heated under pressure with ammonia, it yields 
3-aminoquinoline (58). The Reimer-Tiemann reaction, that is, treatment with 
chloroform and alkali, with 4-hydroxyquinoline yields 4-hydroxy-3-aldehydo- 
quinoline (20). 

The aminoquinolines carrying the substituent in the hetero ring do not yield 
diazo compounds. When 4-aminoquinoline is treated with sodium nitrite in 
hydrochloric acid solution, it yields 4-chloroquinoline (227). 2-Phenyl-3- 
hydroxyquinoline can be prepared from the corresponding amino compound 
by treatment with nitrous acid (6). 

In addition to the methods already described, the py-amino derivatives may 
be obtained by reducing the nitro compounds with tin and hydrochloric 
acid (43). 

The 2- and 3-bromo derivatives of quinoline, when heated with cuprous 
cyanide, yield the corresponding nitriles and when heated with ammonia in 
the presence of copper powder yield the corresponding amines (114). 

III. NATURAL OCCURRENCE OF QUINOLINES 

The most important occurrence of quinoline derivatives in plants is that of 
the cinchona and angostura alkaloids. The alkaloid echinopsine (95), present 
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in Echinops ritro , was shown by Spath and Kolbe (210) to be identical with 
synthetic l-mcthyl-4-quinolone. It was readily prepared by heating 4-hydroxy- 
quinolinc with methyl iodide in the presence of sodium methylate. 

Suzuki and coworkers (218) Isolated from rice bran several acids, one of 
which is regarded as a dihydroxyquinoline-5-earboxylic acid (193). 

In animals the only quinoline derivative of importance is kynurenic acid (I). 
It occurs normally in the urine of dogs but not in that of eats. It is a product 
of the catabolism of tryptophan, the ultimate intermediate being o-amino- 
benzoylpyruvic acid 
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The presence of quinoline or isoquinoline bases in petroleum distillates was 
demonstrated by Maberrv and Wesson (148). Later, Bailey and coworkers in 
a scries of researches isolated and identified a number of quinolines, among 
which may be mentioned the following: 2,3,8-trimethylquinoline (182); quin¬ 
oline and quinaldine (28); 2,3,4,8-tetramethylquinoline and 2,3-dimethyl-8- 
propylquinoline (1); 2,4,8-trimethylquinoline and 2,4-, 2,3-, and 2,8-dimethyl- 
quinolines (17). 

Ganguli and Guha (91) record the isolation of 5,8-dimethylquinoline. It 
was isolated as the picrate (m.p. 198°C.). The writer has prepared the same 
piq^ate and has found that it melts at 186°C. 
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This review deals with (a) systematization of all reactions which lead to the 
synthesis of the isoquinoline nucleus, (6) the reactions of isoquinolines which 
are characteristic of the nucleus, and (c) reactions of substituted isoquinolines 
which are occasioned by the presence of the nucleus. The chemistry of the 
isoquinoline alkaloids is not specifically treated, except when it is included in 
one of the above categories. 

As in the case of the quinolines, the syntheses of isoquinoline and its deriva¬ 
tives may be divided into a number of types, depending upon the point at which 
the hetero ring is closed. There are, therefore, five possible ways in which these 
compounds can be theoretically prepared, giving rise to five type syntheses: 
namely, ring closure between the nucleus and carbon atom 1 (Type I), between 
atoms 1 and 2 (Type II), between atoms 2 and 3 (Tyj>e III), between carbon 
atoms 3 and 4 (Type IV), and between carbon atom 1 and the nucleus (Type 
V). In each of the following formulas the dotted line indicates the point at 
which union is to be effected. 
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Mechanisms representative of all types arc known, but in many cases the com¬ 
pounds obtained are keto derivatives of tetrahydroisoquinolines, some of which 
are convertible into isoquinolincs or their tetrahydro derivatives only with dif¬ 
ficulty. No attempt will be made in the following review to refer to all, or 
even most, of the many compounds which have been prepared (57). It is deemed 
sufficient to discuss the various synthetic procedures. It is hoped that the 
references cited will serve as a basis for a more thorough search of the literature 
on any particular phase of the subject. 

Following the discussion of synthesis, there is a review of the reactions of iso¬ 
quinolines. In this section those reactions which are common to organic com¬ 
pounds in general will not be treated. 

It is difficult to review the chemistry of isoquinolines without reference to 
alkaloids, since much of the chemistry of the former has been built up in attempts 
to synthesize alkaloids or their degradation products. Then, too, many reac¬ 
tions of the isoquinolines have been encountered in researches concerned with 
alkaloids. Nevertheless, Henry (56) has adequately reviewed the subject of 
the isoquinoline alkaloids, both from the synthetic and the degradative points 
of view, so that references to alkaloid chemistry will be greatly restricted. 
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I. SYNTHESES OF ISOQUINOLINE AND ITS DERIVATIVES 
Type I: Syntheses from fi-arylethylamines 

The reactions described as of Type I (i.e., ring closure between the nucleus 
and what is to become the 1-carbon atom) necessitate as a primary starting 
material a /3-arylethylamine or some substance which during the synthesis will 
give rise to such an amine or a derivative. Consequently, most of the researches 
dealing with the synthesis of /3-arylethylamines have a direct bearing on the 
synthesis of isoquinolines. In this connection it is therefore pertinent to men¬ 
tion that Schales (92) has reviewed the literature on /3-arylethylamines. Men¬ 
tion may also be made of the researches of Kindler and coworkers (64, 65) on 
new and improved syntheses of these bases and of their /3-hydroxy derivatives. 
Important too is the work on the arylacetic and /3-ary]propionic acids, the former 
of which are used as the source of the 1-benzyl substituent in the synthetic 
benzylisoquinolines (66). 

The synthesis of Bischler and Napieralski (10) was achieved by heating the 
acetyl or the benzoyl derivative of /3-phenylethylamine with phosphorus pentox- 
ide or with zinc chloride at about 200°C. The products were 1-alkyl- or 1-aryl- 

CH 2 

X CH, 

I 

\A 

C 

I 

R 

3,4-dihydroisoquinolines. The yields were only mediocre, but the later work of 
Pictet (81, 82) and of Decker (22, 23) and their coworkers effected material 
improvements so that the reaction became a practical one for the synthesis of 
isoquinoline alkaloids. The reaction is now generally carried out in boiling 
toluene or xylene in the presence of phosphorus pentoxide or phosphorus oxy¬ 
chloride, although aluminum chloride, ferric chloride, zinc chloride, and phos¬ 
phorus pentachloride have been used. The benzylisoquinoline alkaloids,— 
laudanosine, laudanine, and papaverine; cotarninc and hydrastinine; salsoline, 
pectenine, and corypallin; and the anhalonium alkaloids,—have been synthe¬ 
sized by this reaction. When the /3-aryl-/3-hydroxyethylamines are used as the 
starting materials, an additional molecule of water is eliminated and isoquinolines 
are produced (79, 80). 

OH 
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CH 
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When R is phenyl, the double bond introduced as the result of ring closure 
can take only the position between carbon atom 1 and the nitrogen atom. When 
R is benzyl or a homologous radical, however, the double bond could be outside 
of the ring. This happens when the nitrogen is methylated. From phenyl- 
acetyl (0-phenylethyl) met hylamine Hamilton and Robinson (53) obtained 
1 -benzal-W-mcthy 1 tetrahy droisoq i linol i ne. 
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The record of complete failures does not include many examples. Formyl- 
(jS-phenylethyl)amine yields only a small amount of dihydroisoquinoline (23), 
the main product being a complex aminomalonamide (20). 

An important variation of the Bischler-Napioralski reaction was introduced 
by Pictet and Spongier (84), when they condensed aldehydes with j8-arylethyl- 
amines and effected ring closure by means of hot hydrochloric acid. Phenyl¬ 
alanine yielded a small amount of an isoquinolinecarboxylic acid, but tyrosine 


CH 2 

/V \cii, 
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and tyramine gave better results. Decker and Becker (21) extended this work 
to the methylenedioxyarylamines and a number of aldehydes. The synthesis 
of barman from tryptophan (61, 77) is an example of a similar ring closure in 
which the carboxyl group is eliminated and the hydro-hetero ring is oxidized 
at the same time. 

Of great biological interest is the condensation of |S-arylethylamincs with alde¬ 
hydes and pyruvic acids under the so-called physiological conditions. Condensa¬ 
tion is brought about at room temperature under controlled conditions of pH. 
Schopf and Bayerle (94) condensed /3-(3,4-dihydroxyphenyl)ethylamine hydro¬ 
bromide with a slight excess of acetaldehyde. At 25°C. and pH 3 to 5 an 83 
per cent yield of 1-methyl-6,7-dihydroxytetrahydroisoquinoline was obtained. 
Hahn and Schales (51, 52) succeeded in obtaining a 5 per cent yield of 3',4',6,7- 
bismethylenedioxytetraliydroprotopapaverine by condensing 0-piperonyiethyl- 
amine with homopiperonal under similar conditions. Such condensations under 
physiological conditions proceed easily only when the ring to which closure is 
effected is suitably substituted with free hydroxyl groups. It is argued that 
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such are the conditions which prevail in plants and that methylation and methyl- 
enation are subsequently achieved. 

Kaufmann and Durst (63) have modified the synthesis with formaldehyde by 
condensing the arylamine first with chloromethylmethyl ether. The iV- 
methoxymethyl derivative may be isolated as an intermediate and the ring ul¬ 
timately closed by treatment with phosphorus pentoxide or with hot dilute 
hydrochloric acid. 


Type 1: Other syntheses 

There are a variety of reactions which yield 0-arylethylamines as ultimate 
products. The intermediates are frequently obtainable as stable compounds 
and in some cases the disposition of reactive groups is such that ring closure to 
an isoquinoline is possible. 

The Beckmann rearrangement of oximes leads to acyl or aroyl amines and, in 
the case of the oxime of cinnamaldchyde, the intermediate formylstyrylamine 
yields a small amount of isoquinoline (5, 44) when treated with phosphorus 
pentoxide. Zelinsky (102) had obtained an oily base from the oxime of styryl 
methyl ketone under similar conditions. This was shown by Goldschmidt (45) 
to be isoquinolinc, not the expected 1-methylisoquinoline, which was only ob¬ 
tained at a later date by Burstin (14) from the same starting materials. Styryl 
phenyl ketone failed to yield an isoquinoline (46). 

Much better yields of isoquinolines (in this case the 3,4-dihydro compounds) 
are obtainable from the oximes of saturated ketones. From the oxime of 
benzylacetonc Pictet and Kay (82) obtained 1-methyl-3,4-dihydroisoquinoline 
in a yield of approximately 50 per cent. Sugasawa and Yoshikawa (98) condensed 
veratraldehyde with acetone, reduced the distryryl compound, and then pre¬ 
pared the oxime. The latter, on heating with phosphorus oxychloride in toluene, 
yielded a tetramethoxy-l-(i3-phenylethyl)dihydroisoquinoline. 

The Hofmann synthesis of amines produces as one of the intermediates an 
isocyanate (I), which might lx) expected to undergo ring closure with the forma- 
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tion of dihydroisocarbostyril (II). Weerman and Jongkees (100) failed to 
achieve this synthesis with the unsubstituted compound. In the Curtius synthe¬ 
sis of amines it is easier to isolate the intermediate isocyanate, and Mohunta 
and Ray (75) have succeeded in effecting the ring closure of the isocyanate (III) 
to corydaldine (IV) by means of phosphorus oxychloride. The reaction is an 
adaptation of the more facile one in which the azide of /3-3-indolylpropionic acid, 
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on boiling in benzene in a stream of hydrogen chloride, yielded 3-keto-3 4 5 6- 
tetrahydro-4-earboline (72). The earlier synthesis of corydaldine by Spfith 
and Dobrowsky (95) was achieved by treating the reaction product of ethyl 
chlorofoi mate and ^-veratrylethylamine with phosphorus pentoxide in xylene. 
It is closely related to the above. 

Bruckner and Kramli (13) described a synthesis of Kalkyl-3-methyl-6,7- 
methylenedioxyisoquinolines. The JV-acyl-^hydroxyarylethylamincs were ob¬ 
tained from isosafrole by a series of reactions involving nitroso compounds. 

v. Braun and Wirz (11) prepared a series of /3-arylethylglycines with or with¬ 
out a methyl group on the nitrogen. The acid chlorides of these (V) on treat¬ 
ment with aluminum chloride yielded not the expected homoisocarbostyrils but 
the tetrahydroisoquinolines (VI) together with carbon monoxide. When the 
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nitrogen was secondary, it was necessary to make the p-toluenesulfonyl deriva¬ 
tive first. 

Type II syntheses 

The reactions classed as Type If which lead to the synthesis of isoquinoline 
derivatives arc greatly limited in generality and in usefulness. The condensa¬ 
tion of a jft-arylcthylamine containing a reactive ortho-substituent can yield a 
quinoline, but these compounds are in general accessible only with difficulty. 

Bain, Perkin, and Robinson (2) utilized the hippuric acid condensation in 
converting o-carboxybenzaldehyde into l-hydroxy-3-carboxyisoquinoline. The 
azlactone was hydrolyzed with 10 per cent caustic potash and the intermediate 
suffered ring closure during the course of the hydrolysis. Opianic acid gave the 
corresponding dimethoxy derivative. Dihydroisocarbostyril was prepared from 
AT-benzoyI-/3-(o-carboxyphenyl)ethylamine by Bamberger and Dieckmann (3). 
This particular reaction, however, can be of limited use only, because their ulti- 
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mate intermediate was prepared from iV-benzoyltetrahydroisoquinoline by oxida¬ 
tion with permanganate. 

More complex syntheses have been reported by Schneider and Schroeter (93) 
and by Gabriel (38). 

Homophthalimide is 1,3-diketo-l ,2,3,4-tetrahydrolsoquinoline. It is ob¬ 
tainable from homophthalic acid by treatment with ammonia and when heated 
with zinc dust (70), or successively with phosphorus oxychloride and hydriodic 
acid (30), it yields isoquinoline. Homophthalimide is also obtainable from 
o-cyanobenzyl cyanide on hydrolysis with sulfuric acid (37) and both syntheses, 
but particularly the former, are of wide applicability. 

Closely related to the above syntheses is one in which isoearbostyril is obtained 
directly. The amide of o-cyanoeinnamie acid on treatment with sodium 
hypochlorite in methanol yields first the carbomethoxyl derivative of o-cyano- 
styrylamine. When the latter is heated with hydrochloric acid, ammonia, 
methanol, and carbon dioxide are eliminated and isoearbostyril is formed (39). 

When the hydrochlorides of a,co-diamino compounds in which the amino 
groups arc separated by four or five carbon atoms are distilled, ammonia is 
eliminated and a pyrrolidine or a piperidine is formed. Heifer (55) distilled 
the dihydrochloridc of 0-(o-aminomethylphenyl)ethylaminc and obtained tetra- 
hydroisoquinoline in nearly 60 per cent yield. When homoxylylene dibromide 
is treated with aniline, it yields Af-phenyltctrahydroisoquinoline. With di- 
methylamine a quaternary bromide is obtained (12). 

Primary amines react with isocoumarins to give in most cases quantitative 
yields of the corresponding isoquinoline derivatives. Gabriel (32, 33, 34, 35) 
prepared the compound I (R = H; R' = C 6 H&). This on treatment with 
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ammonia yields 3-phenylisocarbostyril (II) (R = R" = H; R' = Calls). The 
reaction has been extended by Ileilmann (54) and by Bethmann (9). The 
isocoumarins are difficultly accessible compounds and a variety of syntheses 
have been elaborated. The reaction of benzoyl chloride with o-cyanobenzyl 
cyanide, whereby 3-phenyl-4-cyanoisocoumarin may be obtained (42), is not as 
suitable for analogous alkyl compounds because the yields are low (43). In¬ 
genious, but applicable only to the synthesis of isocoumarin, is the oxidation of 
0-naphthoquinone with sodium hypochlorite. The Isocoumarin and the inter¬ 
mediate carboxylic acid on treatment with ammonia yield isoearbostyril and 
isocarbostyril-3-carboxylic acid, respectively (4). 
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The esters of isocoumaric acid (III) may be prepared by the Claisen con- 
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densation of the esters of homophthalic acid with aliphatic and aromatic esters. 
Treatment of these with ammonia yields isocarbostyrils (24). The o-phenacyl- 
and o-acetonyl-benzoic acids (IV) (R = CeH 6 or OH 3 ) arc the ketonic tautomers 
of isocoumaric acids, and as such condense with primary amines to yield iso¬ 
carbostyrils (33, 48). The reaction has been extended to a number of hydroxy- 
and ethoxy-isocoumarins by Fritsch (30). The action of hydrazines on iso- 
coumarins yields compounds which are either the iV-aminoisocarbostyrils or 
seven-membered ring compounds containing two nitrogen atoms in the ring. 
On reduction with zinc and hydrochloric acid, they lose ammonia or arylamines 
and thus behave like substituted hydrazines. The products are isocarbostyrils 
in which the nitrogen atom is secondary (48, 71, 101). 

Type III syntheses 

In the reactions of Type III, ring closure is brought about by a union between 
the nitrogen atom and what is to become carbon atom 3 in the ring. No un¬ 
ambiguous examples of such a synthesis are known. It is probable that many 
of the reactions described as of Type II properly belong here. The exact 
mechanism, however, is obscure and for the present purpose of no consequence. 

Type IV syntheses 

Ring closure between carbon atoms 3 and 4 to yield isoquinolines is restricted 
to a few examples, all of which involve the condensation of a nuclear carboxyl 
with an active hydrogen. 

The first and typical example is one discovered by Gabriel and Colman 
(40, 41), in which ethyl phthalimidoacetatc was treated with sodium ethylate. 
A modified Dieckmann reaction takes place, in which the phthalimido ring is first 
opened and then re-formed at the methylene carbon. The ultimate product is 
3-carbethoxy-4-hydroxyisocarbostyril. The synthesis is limited to phthalimido 
derivatives containing a group which will undergo the Claisen condensation. 
Phthalimido derivatives of simple ketones (68), but not benzylphthalimide, yield 
isocarbostyrils. When the phthalyl derivatives of amino acids, other than that 
of glycine, are used, the carboxyl group is eliminated and the products arc 3- 
alkyl(or aryl)-4-hydroxyisocarbostyrils (40, 99). In a few cases this reaction 
has been applied to compounds substituted in the phthalyl moiety (29, 69). 
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Closely related but distinctly novel is the modification described by Fischer and 
Krollpfeiffer (28). 2,3,4-Trisubstitu ted pyrroles condense with phthalic an¬ 
hydride in the presence of acetic anhydride to give rise to compounds of formula 
I. It is probable that an o-carboxybenzoylpyrrole is formed as an intermediate. 



Tetraalkylpyrroles give the same product, one alkyl group being eliminated. 


Type V syntheses 

There is no isoquinoline synthesis as elegant and useful as the Skraup quinoline 
synthesis. Nevertheless some reactions classed as Type V (i.c., ring closure 
between carbon atom 4 and the nucleus) bear a close resemblance to some of 
the modifications of the Skraup synthesis. Staub (97), as the result of a com¬ 
prehensive study, has defined the structural conditions necessary for the forma¬ 
tion of isoquinoline derivatives. Ring closure can occur only in compounds of 
formula I or II, the conjugated double bonds being actually or potentially 
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present. The terminal carbon carries an OH or OR group which is eliminated 
during the condensation. Benzalaminoacetal, on treatment with phosphorus 
oxychloride or sulfuric acid, gives isoquinoline in a yield of about 50 per cent 
(30, 85, 86). Here, the elimination of one OC 2 H 6 group produces the required 
second double bond. In the synthesis from benzylaminoacetaldehyde (27) 
ring closure is effected by oleum, which oxidizes the benzyl to a bcnzal deriva¬ 
tive, the enol of the resulting compound having formula II. Riigheimer and 
Schon (91), in their synthesis of 6,7-dimethoxyisoquinoline by a similar method, 
used arsenic pentoxide as the oxidizing agent. In Perkin and Robinson’s (76) 
synthesis of the 7,8-dimethoxy derivative, ring closure was effected by 70 per 
cent sulfuric acid. The necessary acetal, with one actual double bond, was 
obtained by condensing aminoacetal with 2,3-dimethoxybenzaldehyde. The 
enolic form of benzoylaminoacetal has one actual and one potential double bond 
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and yields isocarbostyril on treatment with sulfuric acid (30). When there is a 
m-hydroxyl or m-alkoxyl group in the benzene nucleus, ring closure yields the 
7- rather than the 5-substituted isoquinolines (31). 

Benzoylaminoacetic acid, when treated with an excess of phosphorus penta- 
chloride, yields 1,4-diehloroisoquinoline, presumably by way of 4-hydroxy- 
isocarbostyril (90). An analogous reaction using 3,4-dimethoxybenzalglycine 
failed to yield an isoquinoline (76). 

Basu (6) and Basu and Banerjec (7) have adapted the Guareschi synthesis 
(50) of pyridines and its modification by Knoevenagel and Fries (67) to the 
synthesis of bz-hexahydroisoquinolines. In the first example, ethyl cyclo- 
hexanonecarboxylate was condensed with cyanoaeetamide to yield compound 
III. In the second example, oxymethylenecyclohexanonc was treated with 
ammonia and the resulting aminomethylcne compound was condensed with 
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ethyl acetoacetate in the presence of sodium. The resulting substance (IV) 
on hydrolysis yielded the corresponding acid, which was easily decarboxylated 
and converted into isoquinoline by distillation with zinc dust. 

Miscellaneous syntheses 

Only two syntheses of isoquinoline are considered here and both depend upon 
pyrolysis. Graebe and Pictet (49) obtained a small yield of a base, by distilling 
V-mcthylisoindolinone with zinc dust, which was later identified as iso¬ 
quinoline (78). 

When benzalethylamine is passed through a hot tube, some isoquinoline can 
be isolated from the mixture of products (83). 


II. REACTIONS OF ISOQUINOLINE AND ITS DERIVATIVES 

The reactions of isoquinoline and its derivatives may be divided into those 
which are not dependent upon the reactivity of substituents and those which are. 
Reactions which are common to organic compounds in general and are not de¬ 
pendent upon the presence of the isoquinoline part of the molecule will not 
come under consideration in this review. 

A . Reactions not involving substituents 

The reduction of isoquinolines to the tetrahydro bases can be brought about 
by tin and hydrochloric acid (58) or catalytically in the presence of platinum 
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oxide (88). When isoquinoline is oxidized in alkaline solution with permanga¬ 
nate, there is formed a mixture of pyridine-3 ; 4-dicarboxylic acid, phthalic acid, 
and oxalic acid as well as ammonia and a mixture of unidentified compounds 
(58). When the oxidation is carried out in neutral solution with permanganate, 
the chief product is phthalimide (47). Oxidation with perbenzoic acid yields 
isoquinoline AT-oxide (73). 

When isoquinoline is treated with bromine, there is formed an addition prod¬ 
uct which when heated to 180-200°C. yields a py-bromoisoquinoline. The 
latter on oxidation with permanganate yields a bromopyridinedicarboxylic acid 
of uncertain constitution (26). 

The nitration of isoquinoline in fuming sulfuric acid yields a nitro derivative 
which on oxidation with nitric acid or with permanganate yields 3-nitrophthalic 
acid (17). It is, therefore, a 5- or an 8-nitroisoquinoline or a mixture of these 
(1). Similarly, sulfonation yields a mixture of the a- and 0-isoquinolinesulfonic 
acids which are separable by means of their barium salts. The a-form pre¬ 
dominates when the reaction is carried out at 115°C., and the 0-form at 
250-260°C. (18, 19). When the barium salt of the a-sulfonic acid is heated in 
a current of hydrogen with potassium ferrocyanide, a small yield of a bz-eyano- 
isoquinolinc is obtained. The cyano group of this compound is saponifiable only 
with difficulty (62). 

When isoquinoline is treated with sodium amide in neutral solvents, it yields 
1-aminoisoquinoline. The latter does not yield a diazo compound, but on 
treatment with nitrous acid is converted to isocarbostyril (15). The introduc¬ 
tion of an alkyl group into the 1-position by means of the Grignard reaction was 
described by Bergstrom and McAllister (8). There is first formed an addition 
compound which suffers a rearrangement when heated to 150-160°C. 

The reaction of benzoyl chloride with isoquinoline yields only an unstable ad¬ 
dition compound from which isoquinoline can be easily regenerated. In the 
presence of added potassium cyanide, there is formed 1-cyano-N-benzoyl-l ,2- 
dihydroisoquinoline. This on hydrolysis with hydrochloric acid yields iso¬ 
quinoline-1-carboxylic acid and benzaldehyde (89). The reaction is strictly 
analogous to the preparation of quinaldinic acid and benzaldehyde from quino¬ 
line and the same reagents. 

B. Reactions involving substituents 

Under this heading will be discussed the limited number of reactions directly 
involving substituents of the isoquinoline molecule and the rather special 
reactions of the 3,4-dihydroisoquinolines. The latter are obtained directly in 
the BLschler-Napieralski synthesis and are in general the most readily accessible 
of the entire group. They may be dehydrogenated to isoquinolines by heating 
with palladium at about 180°C. (96). 

The hydroxyisoquinolines with the hydroxyl group in the pyridine nucleus 
are soluble in alkali but in general not soluble in dilute acids. The hydroxyl is 
replaceable by chlorine by means of phosphorus oxychloride (42). When there 
are two hydroxyls, either one or both of them may be replaced by chlorine (40). 
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The chloro compounds react with sodium methylate, yielding the corresponding 
methyl ethers, and heating with hydrogen iodide and phosphorus yields iso¬ 
quinolines (2). The hydroxy compounds when heated with zinc dust in an 
atmosphere of hydrogen yield isoquinolines (42). When 1,4-dihydroxy-3- 
methylisoquinoline is heated with hydrogen iodide and phosphorus to 180°C., 
there is formed 3-methylisocarbostyril. At 240°C. the second hydroxyl is re¬ 
duced and 3-methylisoquinoline is obtained (40). 

Mills and Smith (74), in the course of their studies of the reactivity of methyl 
groups in heterocyclic bases, condensed 1-methylisoquinoline with benzaldehyde 
and obtained 1-styrylisoquinoline. Attempts to obtain 3-styrylisoquinoline 
from 3-methylisoquinoline failed. There seems to be no record of attempts to 
condense these methylisoquinolines with the other reagents which have been 
successfully condensed with quinaldine and with lepidine (i.c., chloral, phthalic 
anhydride, etc.). 

Isoquinoline and its derivatives react with alkyl halides, yielding alkyliso- 
quinolinium halides (16, 59). These halides are for the most part soluble in 
water and yield on treatment with excess fixed alkali insoluble oily precipitates 
of uncertain structure. Oxidation with potassium ferricyanide in alkaline 
solution yields AT-alkylisocarbostyrils. - 

Of special interest are the reactions of 3 ,4-dihydroisoquinoline with a number 
of reagents. The corresponding methiodide (I) on treatment with alkali under¬ 
goes a reduction-oxidation dismutation which is strictly analogous to the Canniz- 


CH 2 

/\/ \CH, 


cn 2 

/\/ \ch 2 


I /' 


ch 3 


\y\ s 

CH I 

I 


CII 2 

/\/ \CH, 


/■ 
CH 2 

II 


NCHs 


+ 


V\ / 

co 

hi 


NCIL 


zaro reaction. The products are N-mcthyltctrahydroisoquinoline (II) and the 
corresponding 1-keto derivative (III) (87). The reaction is of importance in 
the chemistry of the phthalide-isoquinoline alkaloids. The latter on mild oxida¬ 
tion yield compounds analogous to compound I with alkoxyl groups in the 
benzene nucleus. The corresponding bases are obtained by adding an excess 
of a strong alkali to an aqueous solution of the salt. Two of the formulas which 
have been proposed for the free bases IV and V have received wide recognition. 
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The former (IV) accounts for the ease with which these compounds condense 
with a variety of reagents. With nitromethane the product has formula VI 
(60), and the reaction product with meconine or with a substituted meconine 
and cotarnine are stereoisomers of narcotine (60). Formula V accounts ade¬ 
quately for the Cannizzaro reaction noted above. 

Of special importance in alkaloid syntheses is the reduction of methiodides of 
dihydroisoquinolines. This is readily accomplished by a variety of reducing 
agents, of which zinc and acetic or hydrochloric acid is one of the most con¬ 
venient. The products are V-methyltctrahydroisoquinolines and it is in this 
form that most of the isoquinoline alkaloids occur in nature. 

Corydaldine (i.e., 6,7-dimethoxytetrahydroisocarbostyril; VII) is obtainable 
by oxidizing corydaline (25). It yields a crystalline AT-nitroso derivative 
which on treatment with alkali is converted into the lactone (VIII). 


CH 2 


ch 8 o 

ch 3 o 


/y Njh, 

U\ M 


CO 


VII 

Corydaldine 


CH 3 0 

CIIjO 


ch 2 

/\/ \ 


CO 

VIII 


ch 2 

I 

o 


REFERENCES 

(1) Andersag, II.: Chem. Abstracts 29, 6600 (1935). 

(2) Bain, D., Perkin, W. H., and Robinson, R.: J. Chem. Soc. 105, 2392 (1914). 

(3) Bamberger, E., and Dieckmann, W.: Bcr. 26, 1217 (1893). 

(4) Bamberger, E., and Frew, W.: Ber. 27, 198 (1894). 

(5) Bamberger, E., and Goldschmidt, C.: Ber. 27, 1954 (1894). 

(6) Basu, U.: J. Indian Chem. Soc. 8, 319 (1931). 

(7) Basu, U., and Banerjee, B.: Ann. 516, 243 (1935). 

(8) Bergstrom, F. W., and McAllister, S. H.: J. Am. Chem. Soc. 52, 2845 (1930). 

(9) Bethmann, F.: Ber. 32, 1104 (1899). 

(10) Bischler, A., and Napieralski, B.: Ber. 26, 1903 (1893). 

(11) Braun, J. v., and Wirz, K.: Ber. 60, 102 (1927). 

(12) Braun, J. v., and Zobel, F.: Ber. 56, 2151 (1923). 

(13) Bruckner, V., and KrAmli, A.: J. prakt. Chem. 145 , 291 (1936). 

(14) Burstin, lL: Monatsh. 34, 1443 (1913). 

(15) Chichibabin, A. E., and Oparina, M. P.: J. Russ. Phys. Chem. Soc. 50 , 543 (1920). 

(16) Claus, A., and Edinger, A.: J. prakt. Chem. 38 , 491 (1888). 

(17) Claus, A., and Hoffmann, K.: J. prakt. Chem. 47, 252 (1893). 

(18) Claus, A., and Raps, G.: J. prakt. Chem. 45, 241 (1892). 

(19) Claus, A., and Seelemann, A.: J. prakt. Chem. 52, 1 (1895). 

(20) Decker, H., and Becker, P.: Ann. 382 , 369 (1911). 

(21) Decker, H., and Becker, P.: Ann. 395, 342 (1913). 

(22) Decker, II., and Kropp, W.: Ber. 42, 2075 (1909). 

(23) Decker, H., Kropp, W., Hoyer, H., and Becker, P.: Ann. 396, 299 (1913). 

(24) Dieckmann, W., and Meiser, W.: Ber. 41 , 3253 (1908). 

(25) Dobbie, J. J., and Lauder, A.: J. Chem. Soc. 75, 673 (1899). 

(26) Edinger, A., and Bossung, E.: J. prakt. Chem. 43 , 190 (1891). 

(27) Fischer, E.: Ber. 26, 764 (1893). 



CHEMISTRY OP ISOQUINOLINES 


157 


(28) Fischer, H., and Krollpfeipfer, F.: Z. physiol. Chem. 82, 266 (1912). 

(29) Findeklee, W.: Ber. 88, 3542 (1905). 

(30) Fritsch, P.: Ber. 26, 419 (1893). 

(31) Fritsch, P.: Ann. 286, 1 (1895). 

(32) Gabriel, S.: Ber. 18, 1251, 3470 (1885). 

(33) Gabriel, S.: Ber. 18, 2433 (1885). 

(34) Gabriel, S.: Ber. 19, 830 (1886). 

(35) Gabriel, S.: Ber. 19, 1653 (1886). 

(36) Gabriel, S.: Ber. 19, 2354 (1886). 

(37) Gabriel, S.: Ber. 20, 2499 (1887). 

(38) Gabriel, S.: Ber. 44, 70 (1911). 

(39) Gabriel, S.: Ber. 49, 1608 (1916). 

(40) Gabriel, S., and Colman, J.: Ber. 33, 980 (1900). 

(41) Gabriel, S., and Colman, J.: Ber. 33, 2630 (1900). 

(42) Gabriel, S., and Neumann, A.: Ber. 25, 3563 (1892). 

(43) Gabriel, S., and Posner, T.: Ber. 27, 827 (1894). 

(44) Goldschmidt, C.: Ber. 27, 2795 (1894). 

(45) Goldschmidt, C.: Ber. 28, 818 (1895). 

(46) Goldschmidt, C.: Ber. 28, 986 (1895). 

(47) Goldschmiedt, G.: Monatsh. 9, 675 (1888). 

(48) Gottlieb, J.: Ber. 32, 958 (1899). 

(49) Graebe, C., and Pictet, A.: Ann. 247 , 304 (1888). 

(50) Guaresciii, I.: Chem. Zentr. 1896, I, 601. 

(51) Hahn, G., and Schales, O.: Ber. 68, 24, 1310 (1935). 

(52) IIahn, G., and Sctiales, O.: Ber. 69, 622 (1936). 

(53) Hamilton, E. E. P., and Robinson, R.: J. Chem. Soc. 109, 1029 (1916). 

(54) Heilmann, E.: Ber. 23, 3157 (1890). 

(55) Helper, L.: Helv. Chim. Acta 6, 789 (1923). 

(56) Henry, T. A.: The Plant Alkaloids. J. and A. Churchill, Ltd., London (1939). 

(57) Hollins, C.: Synthesis of Nitrogen Ring Compounds. Ernest Benn, Ltd., London 

(1924). 

(58) Hoogewerff, S., and van Dorp, W. A.: Rec. trav. chim. 4, 285 (1885). 

(59) Hoogewerff, S., and van Dorp, W. A.: Rec. trav. chim. 5, 305 (1886). 

(60) Hope, E., and Robinson, R.: J. Chem. Soc. 105, 2085 (1914). 

(61) Hopkins, F. G., and Cole, S. W.: J. Physiol. 29, 451 (1903). 

(62) Jeiteles, B.: Monatsh. 15, 807 (1894). 

(63) Kaufmann, A., and DOrst, N.: Ber. 50, 1630 (1917). 

(64) Kindler, K., and Brandt, E.: Arch. Pharrn. 273, 478 (1935). 

(65) Kindler, K., and Peschke, W.: Arch. Pharm. 269, 74, 581 (1931). 

(66) Kindler, K., and Peschke, W.: Arch. Pharm. 271, 431 (1933). 

(67) Knoevenagel, E., and Fries, A.: Ber. 31, 767 (1898). 

(68) Kolshorn, E.: Ber. 37, 2474 (1904). 

(69) Kusel, H.: Ber. 37, 1971 (1904). 

(70) LeBlanc, M.: Ber. 21, 2299 (1888). 

(71) Lieck, A.: Ber. 38, 3853 (1905). 

(72) Manske, R. H. F., and Robinson, R.: J. Chem. Soc. 1927, 240. 

(73) Meisenheimer, J.: Ber. 59, 1848 (1926). 

(74) Mills, W. H., and Smith, J. L. B.: J. Chem. Soc. 121, 2724 (1922). 

(75) Mohunta, L. M., and Ray, J. N.: J. Chem. Soc. 1934, 1263. 

(76) Perkin, W. H., and Robinson, R.: J. Chem. Soc. 105, 2376 (1914). 

(77) Perkin, W. H., and Robinson, R.: J. Chem. Soc. 115, 967 (1919). 

(78) Pictet, A.: Ber. 38, 1946 (1905). 

(79) Pictet, A., and Gams, A.: Ber. 42, 2943 (1909). 

(80) Pictet, A., and Gams, A.: Ber. 43, 2384 (1910). 



168 


R. H. MANSKE 


(81) Pictet, A., and Finxelstein, M.: Ber. 42, 1979 (1909). 

(82) Pictet, A., and Kay, F. W.: Ber. 42, 1973 (1909). 

(83) Pictet, A., and Popovici, S.: Ber. 26, 733 (1892). 

(84) Pictet, A., and Spengler, T.: Ber. 44 , 2030 (1911). 

(86) Pomeranz, C.: Monatsh. 14 , 116 (1893). 

(86) Pomeranz, C.: Monatsh. 16, 299 (1894). 

(87) Pyaman, F. L.: J. Chem. Soc. 96, 1260 (1909). 

(88) Ranedo, J., and Vidol, A.: Anales soc. espafi. fis. quim. 28, 76 (1930). 

(89) Reissert, A.: Ber. 38, 3426 (1905). 

(90) ROgheimkr, L.: Ber. 19, 1172 (1886). 

(91) ROgheimer, L., and SchOn, P.: Ber. 42 , 2374 (1909). 

(92) Schales, O.: Ber. 68, 1579 (1935). 

(93) Schneider, W., and Schroeter, K.: Ber. 63, 1459 (1920). 

(94) SchOpf, C., and Bayerle, H.: Ann. 613, 190 (1934). 

(95) Spath, E., and Dobrowsky, A.: Ber. 68, 1274 (1925). 

(96) Spath, E., and Polgar, N.: Monatsh. 61, 190 (1929). 

(97) Staub, P.: Ilelv. Chim. Acta 6, 888 (1922). 

(98) Sugasawa, S., and Yoshikawa, H.: J. Chem. Soc. 1933, 1583. 

(99) Ulrich, A.: Ber. 37, 1685 (1904). 

(100) Weermann, R. A., and Jongkees, W. J. A.: Rec. trav. chim. 26, 238 (1906). 

(101) WOlbling, H.: Ber. 38, 3845 (1905). 

(102) Zelinsky, N.: Ber. 20, 922 (1887). 



COMMUNICATION TO THE EDITOR 
Sir: 

Twelve papers were presented at the Symposium on the Thermodynamics of 
Electrolytic Dissociation which was held under the auspices of the Division of 
Physical and Inorganic Chemistry at the 101st Meeting of the American Chemi¬ 
cal Society in St. Louis, Missouri, on April 8, 1941. Because of the time de¬ 
manded by the many duties imposed by war conditions it has proved impossible 
to submit all the papers for publication at this time. It is fortunate indeed that 
the authors of five of the papers have been able to spare sufficient time to prepare 
them for publication. We hope that the authors of the other papers will be able 
in the near future to submit them to the Editor of this journal; perhaps a second 
group can appear together. 

I wish to express my gratitude to all the participants in the symposium for the 
general excellence of their contributions; to Professor John G. Kirkwood who, 
as chairman of the Division of Physical and Inorganic Chemistry, recognized the 
need for the discussion of the subject and furnished the opportunity for a 
symposium; and to the editors of Chemical Reviews who have offered unlimited 
cooperation in spite of our failure in this difficult year to adhere to the publica¬ 
tion schedule planned. 

T. F. Young. 

Department of Chemistry 
University of Chicago 
Chicago, Illinois 
March 15, 1942. 


ERRATA 

Volume 28 , Number 3, June , 19/+1 
Page 552: Equation 37 should read 

log L = a + bT c 


Volume 29 , Number 5, December , 1941 

Page 472: In figure 2 the solid lines designate systems in salt water, and the 
broken lines represent systems in pure water. The legend should read as 
follows: “Comparison of the effects of pressure upon ionic equilibria in salt 
water (-) and in pure water (-) at 25°C.” 


Volume 30 y Number I, February , 1942 

Page 109: Reference 81 should read “Schultz, F.: Chem.-Ztg. 32, 55, 729 
(1908).” 




THE EFFECT OF DIELECTRIC CONSTANT ON ACID-BASE 

EQUILIBRIA 1 * 2 
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Department of Chemistry and Chemical Engineering , University of Pennsylvania , 
Philadelphia , Pennsylvania 

Received February 10 , 

Acid-base equilibria are usually represented by the equilibrium constant for the 
reaction 

A- + S ^ SH f + B n_1 (1) 

where A is an acid, S the solvent, SII + the solvated proton, and B the conjugate 
base. The change in the value of the equilibrium constant with electrolyte con¬ 
centration depends upon the charge types involved and the solvent. For dilute 
aqueous solutions the concentration of solvent is usually considered constant, 
and the equilibrium constant is written 

A'c = Ch 3 o + ^ (2) 

For the monosubstituted benzoic acids 

Kc (m 5=3 0.05 for solvent salt LiCl) 

Kc (m « 0) 

is found to be 1.45 in water, 5.5 in methyl alcohol, approximately 17 in ethyl alcohol, 
and 7.0 for a dioxane-water mixture of the same dielectric constant as ethyl alcohol. 
It has been reported that log Kc varies linearly with the reciprocal of the dielectric 
constant for glycerol-water and dioxane-water mixtures. 

Instead of using the solvated proton as the standard acid to compare acid-base 
equilibrium constants in various solvents, it is more convenient to refer to a 
standard of the same charge type. This equilibrium constant Ka x Bo lor the 
reaction 

A x + Bo ^ Ao -b Bx (3) 

(where Ao is benzoic acid for substituted benzoic acids and acetic acid for the 
aliphatic acids) is the ratio of the two dissociation constants as given in equation 
2. Ka,Bo is approximately independent of the concentration of solvent salt over a 
considerable range in the solvents water, ethylene glycol, and methyl, ethyl, 
n-propyl, and n-butyl alcohols. The change in the constant Ka*B 0 with dielectric 
constant can be represented for the pure solvent by the equation 

log Aa,Bo = log ffa.bg + 2 ) (4) 

where L is a constant specific to each acid. For the mixed solvents such as dioxane- 
water and alcohol-water, linearity with the reciprocal of the dielectric constant is 
not observed. 


1 Presented at the Symposium on the Thermodynamics of Electrolytic Dissociation, 
which was held under the auspices of the Division of Physical and Inorganic Chemistry at 
the 101st Meeting of the American Chemical Society, St. Louis, Missouri, April, 1941. 

1 The author would like to make due acknowledgment of two grants from the Penrose 
Fund of the American Philosophical Society for the study of relative acid strengths in 
aqueous and non-aqueous solutions, and of a grant from the Faculty Research Committee 
of the University of Pennsylvania. 
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Acid-base equilibria are often represented by the equilibrium constant for the 
reaction 

A^ + S^SH^ + Br 1 (1) 


where A x is an acid, S a basic solvent, SH + the solvated proton, B x the conjugate 
base, and n the charge on the acid. This process involves a number of steps. 
When an uncharged acid A x is introduced into the solvent S, the molecules of 
solvent orient themselves around the acid molecules under the influence of dipole 
or other forces; a proton is transferred from the acid A x to the base S, and two 
ions, the solvated proton and the base B^ , are formed. In addition to this, 
the solvent molecules are now oriented about the ions and ionic atmospheres 
created. The equilibrium constant for such a process is given by the equation 


A AxS — — 


CSH+ 

C& 


% 

Ca, 


( 2 ) 


where the concentrations may be expressed in moles per liter, moles per 1000 
grams of solvent, or mole fractions. 


TABLE 1 


Effect of electrolyte concentration on the reaction A 0 -f S ^ SH+ 4- B 0 


Solvent.. 

Water 

Methyl 

alcohol 

Ethyl 

alcohol 

Dioxane- 

water 

Dielectric constant. 

78.5 

31.5 

24.2 

25 

K c (m “ 0.05, mostly LiCl) 

Kc (m - 0) 

1.45 

5.5 

18 

7 


Since the concentration of solvent is considered constant, it is customary to 
write 

Cq • #a,8 = £sh+ = K c (3) 

where K c is the familiar dissociation constant. Both K AiS and K c vary with 
ionic strength, the change in sufficiently dilute solutions for solvents of suffi¬ 
ciently high dielectric constant being given by the relation 

log K c = log [K c ]° + A\/m (4) 

where A/2 is the familiar Debye-Htickel constant. The values for A at 25°C. 
are 1.020 for water (dielectric constant = 78.54), 4.02 for methyl alcohol 
(D = 31.5), 5.97 for ethyl alcohol (D = 24.2), and 9.79 for butyl alcohol 
(D = 17.4). For more concentrated solutions no theoretical equation can be 
given, but it might be well to point out that the change in the equilibrium con¬ 
stant Kc is of considerable magnitude and depends on the solvent (10); see 
table 1. 

Leaving the correction for the ionic atmosphere, it is seen that the solvent 
itself and the dielectric constant of the medium play important r61es in the 
process represented by equation 1. The formation of the ions involves a charg- 
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ing process, the transfer of the proton involves electrostatic work depending on 
the dielectric constant, and the solvation of the ions and molecules involves the 
dielectric constant and the structure of the solvent (4). 

Equation 3 makes the standard acid the solvated proton, and equation 2 
represents the ratio of the dissociation constant of the acid A, to that of the 
acid SH + . Since the solvated proton is a different acid in each basic solvent, 
one can hope to eliminate the solvent by choosing a standard acid other than the 
solvated proton (35). For example, if we choose benzoic acid as the standard 
acid, we have 

Kc = C SH+ (5) 

UAo 

and, dividing equation 3 by equation 5, 

Kc( Ax) CV Ca 0 rr 

r n sy /Y A Jr Bo 

AC(Ao) t/Ax URq 

which is the equilibrium constant for the reaction 

A x + B 0 ^ Ao + B x 


( 6 ) 

(7) 


This equilibrium constant will be less sensitive to changes in ionic strength, 
since there are equal numbers of equally charged ions on both sides. The effect 
of the nature of the solvent will be much less, and the r61es of the dielectric con¬ 
stant of the medium and the structure of the acids will be relatively more 
important. In any case, table 2 shows that the order of acid strength is not 
independent of the medium (6, 7, 8, 9, 10, 22, 23). In table 2 the order of acid 
strength decreases from top to bottom. The order will be the same in any 
particular solvent, whether we use the solvated proton or any other acid as the 
standard acid. The practice of using the thermodynamic dissociation constant 
in water at 25°C. as a basis of acid strength has been defended by Dippy (5), 
who claims that there is no proof that the dissociation constants in water are 
likely to give an ambiguous relative order. He recognizes exceptions in the 
case of the ortho-substituted benzoic acids. Since the equations 

-RT In K° = AF° = AH 0 - TA& (8) 

and 


d(A//) 

dT 


= A C p 


(9) 


connect the equilibrium constant, the free-energy change, the heat content 
change, the entropy change, and the change in heat capacity, a relationship 
between change of structure and any of these thermodynamic quantities might 
be sought. Harned and Embree (18) point out that in any discussion of disso¬ 
ciation constants in relation to constitution it will be essential to compare the 
values of the dissociation constants at their maxima or at their corresponding 
temperatures 6 as given by the equation 

log K = log K m — p(t — e ) 2 


( 10 ) 



TABLE 2 

Order of acid strength s of substituted benzoic acids 

I (CHiOH)i I CHaOH C*H«OH »-C*HtOH »-C«H*OH 
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where K m is the dissociation constant at the maximum and 0 the temperature 
of the maximum. The constant p was thought to be the same for many acids, 
but Walde (32) pointed out that log K is not a quadratic function of the tem¬ 
perature, and Harned and Robinson (20) state that p is a constant characteristic 
of each acid. More recently it has been shown that the properties of the solvent 
(water) almost completely determine the value of p (14, 28). 

Everett and Wynne-Jones (13) show that the order is not always the same 
for the different thermodynamic functions; for example, for the toluic acids in 
water the order for AF is 

o-toluic > benzoic > m-toluic > p-toluic 

while AH 0 gives 

o-toluic > m-toluic > p-toluic ~ benzoic 

It is also to be noted from table 2 that all three toluic acids are weaker than 
benzoic acid in dioxane water mixtures of dielectric constants 40 and 15. 

The effect of temperature on the relative strengths of carboxylic acids has 
been treated by several authors (2, 14, 15, 16), and a correlation of the two 
effects 


I 

djn KaxB 0 \ 

, d D ) Temperature shift 

Same solvent 


II 



Solvent shift 


Same temperature 


has been attempted. However, the two effects are not the same and should 
not be so considered. Following Baughan (2), for a given solvent, 


dr.-, . _ d f-AF"1 

d'7’ l nK A*Bo] dJ’L Itr ] 


AH 
RT 2 


1 

RT* 


1(AH.)a. - (ah x ) Ao ] + 


JL(A 

2 D \r B j 



1 + T 


d In D 1 

dT Jj 


(ID 


where r Bj and r B - are the radii of the two ions in equation 7, e is the charge on 
the ion, D is the dielectric constant of the medium, and (A//*) Ax and (A//*) Ao 
are the temperature-independent parts of the heats of reaction for the process 
represented by equation 1. Now for a given solvent we can regard D as a func¬ 
tion of 2 T , or vice versa . If we choose D as the independent variable, we write 


d In K Ax Bq _ d In K Ax b 0 , d In K A , Bo d T 
dD dD dT d D 


( 12 ) 


Now 


d In K Ax bo = AH 
dT RT 2 


(13) 
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where 


in equation 12. 
Since (3) 


and 


d In K At n 0 v d In K Ai bo 
dr dT 



(14) 


(15) 


I 


and 


/d In K AtB \ = A F„, d_ ( ~ AF \ dT 

V d D /Temperature effect RID dl \ R 7 / (IZZ 


II 


/d in X AlRo \ Aft, 

V dD / Solvent effect zztd 

the criterion that I = II is not that AH = 0, but that 


d_ /-AZA dT 
0T \ RT ) dD 


= 0 


(16) 


(17) 


(18a) 


or 

- (4,, -W + 2Ti (i - - 0 <18b > 

If d T/dD = 0 (which means that the dielectric constant and temperature of a 
solvent are independent of each other), or in the event that the { } bracket in 
equation 18b is equal to zero, then effect I will be equal to effect II. But since 
dT/dD 7 * 0 for most solvents, and since only one value of the dielectric constant 
satisfies the requirement that the { | bracket in equation 18b be equal to zero, 
it is evident that, in general, effects I and II will be unequal. 

Baughan has shown that the variation with temperature of the heats of disso¬ 
ciation of a number of acids in water conforms to an equation similar to 11. 
However, it is to be noted that the mean radii of the ions used in the calculations 
are very small, being less than 1 A. in most cases. Moreover, the substituted 
acetic acids have smaller radii than acetic acid. On the other hand, calcula¬ 
tions for effect II from the equation 


II 

(d In K AxB \ 1 (l_\± _ Jl\ 

\ dD )t RTD\2Dlr B j r B 


(19) 


yield values of the radii which are much larger (21). It is evident that the radii 
should not be considered to have any physical significance but should be regarded 
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as adjustable parameters in the equation. It is generally recognized that the 
Bom equation (3) for the work done to create the field due to charges on two 
ions of radii r + and r_ in a medium of dielectric D 



is only an approximation. Everett and Wynne-Jones (15) have recognized the 
inadequacy of the Bom equation to account for A C p for the dissociation of 
acids, and Everett and Coulson (12) have attempted to evaluate the contribu¬ 
tion of the orientation of the solvent to A C v . 

ACID STRENGTHS IN PURE SOLVENTS 

In a comparison of the colorimetric and e.m.f. methods for the determination 
of the equilibrium constant of the reaction of equation 7, it was found that for 
the solvent methyl alcohol the equilibrium constant was essentially the same at 



Fig. 1. Effect of electrolyte concentration. Standard acid, acetic acid. A, formic acid? 
X, n-butyric acid (up 1.0); o, monochloroacetic acid (down 1.0); n, propionic acid 
(up 1.0); O, trimethylacetic acid (up 1.0). 


zero ionic strength as at m = 0.05 (mostly lithium chloride). Figure 1 shows 
that for the aliphatic acids (standard acid, acetic acid) there is no marked 
change in the value of the equilibrium constant, /£ a ,Bo > over a considerable 
range of electrolyte concentration if the acids are similar and do not contain 
strongly polar groups. Examination of the literature shows that these examples 
are typical (24, 25, 26). 

The results of the determination of the ratio of the dissociation constants of 
the substituted benzoic acids to the dissociation constant of benzoic acid in the 
solvents water, ethylene glycol, methyl alcohol, and ethyl alcohol can be repre¬ 
sented by the equation 

log K AxBq = log K Axb0 + L 



( 21 ) 
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where K Ux b 0 is the intercept at 1/D = 0; it has been called the “intrinsic acid 
strength” by Wynne-Jones (35). It is assumed that the intrinsic acid strengths 
are independent of solvent. Figure 2 presents a few typical results. An ex¬ 
amination of the results for the twenty-three acids shows that equation 21 holds 
in all the pure solvents of dielectric constant > 24, the only exceptions being 
the ortho acids in the solvent ethylene glycol. Table 3 gives the slopes and 
intercepts of equation 21, as determined by the method of least squares for all 
the experimental results in the four solvents (5, 7, 8, 9, 10, 22, 23). 




Fia. 2. Effect of substituents upon the acid strength of benzoic acid. Curve I, o-iodo- 
benzoic acid; curve II, m-iodobenzoic acid; curve III, p-iodobenzoic acid; curve IV, 
o-methylbenzoic acid; curve V, m-methylbenzoic acid; curve VI, p-methylbenzoic acid. 

Fig. 3. Kirkwood-Westheimer model. Curve I, p-nitrobenzoic acid; curve II, p-chloro- 
and p-fluoro-benzoic acids; curve III, p-methylbenzoic acid. Experimental values: 
X, p-nitrobenzoic acid; □, p-chlorobenzoic acid; a, p-fluorobenzoic acid; o, p-methyl- 
benzoic acid. 


Eucken (11) and Schwarzcnbach and Egli (31) have given a formula for the 
electrostatic effect of a substituent on the acid strength, of the form 


i rr __ —em cos d 
° g A * Bo - 2J03/cra,r 2 


( 22 ) 


where m is the dipole moment of the carbon-substituent bond (taken from the 
corresponding substituted benzene), 0 the angle between the dipole and the line 
joining the mid-point of the dipole to the proton, r the distance from the proton 
to the mid-point of the dipole, and D s the effective dielectric constant through 
which the electrostatic field operates. The difficulties of applying such an 
equation are that the calculated value of K AxBo is very sensitive to the value 
chosen for r, and that D a must be evaluated. Kirkwood and Westheimer (34) 
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have evaluated D E by considering the ions and molecules involved as ellipsoidal 
cavities of low dielectric constant with the charges along the focal line, and 
Westheimer (33) has recently evaluated log K AxBq for the para-substituted ben¬ 
zoic acids in aqueous solution. The calculations and comparison with experi¬ 
ment for the alcohols as solvent have been given elsewhere (9, 22, 23). Figure 3 
shows that the observed relative acid strengths are more sensitive to the macro¬ 
dielectric constant than the predictions of theory. Calculations are in progress 
with another model which approximates the benzenoid molecule more closely. 8 
In this model the cavities are considered as oblate spheroids with the charges on 
the focal ring. This model permits calculation of the meta-substituted acids 
and may reveal the magnitude of the r61e of resonance in the benzene ring. 

TABLE 3 


Intercepts and slopes of equation 21 


SUBSTITUENT 

ORTHO 

META 

PARA 

log E. lb0 

L 

log K», bo 

L 

log K Bx b 0 

L 

no 2 . 

2.112 

-8.9 

0.491 

17.4 

0.575 

14. 

I. 

1.442 

-8.0 

0.225 

10.0 

0.141 

8.2 

Br. 

1.419 

-5.5 

0.281 

9.3 

0.128 

8.7 

Cl. 

1.342 

-4.7 

0.280 

8.6 

0.104 

8.5 

F. 

0.889 

3.8 

0.237 

8.0 

-0.009 

6.5 

CH,. 

0.376 

-8.7 

-0.065 

-0.4 

-0.164 

-0.6 

OCII,. 

0.056 

4.0 



-0.227 

-3.5 

OH. 

0.982 

17.1 

0.219 

-10. 

-0.270 

-7.1 


ACID STRENGTHS IN MIXED SOLVENTS 

When the solvent is composed of more than one base the reaction represented 
by equation 1 may be more complicated, owing to the fact that two bases are 
competing for the proton and two solvated protons may be formed. In addition 
to this, the solvent dipoles will be oriented differently around the ions and solute 
molecules, and in some cases, such as dioxane-water mixtures, there will be an 
unmixing of the solvent. In dioxane-water mixtures the envelope around the 
ions is poorer in dioxane than is the bulk of the solution (30). In the earlier 
work (29) a comparison of the values of K Ax ^ Q f° r the solvents ethyl alcohol and 
dioxane-water mixtures of the same dielectric constant showed quite good agree¬ 
ment, and it was concluded that the dielectric constant was the important 
factor. Further work (10) in dioxane-water mixtures of dielectric constants 65 
and 40 has shown that the results are not in accord with equation 21. A few 
typical results are presented in figure 4, in which the dotted lines represent the 
line of equation 21 for the pure solvents. In general, for agreement with the 
results in pure solvents one would have to consider the dioxane-water mixtures 

•These calculations are being carried out by J. N. Sarmousakis at the University of 
Pennsylvania. 
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to have lower dielectric constants than the experimental values. These results 
were obtained by the e.m.f. method and should be checked by the colorimetric. 

From experimental determinations of the dissociation constant of acetic acid 
in glycerol-water mixtures of dielectric constant 81.1 to 73.3 at 18°C., Adell (1) 
concludes that the dissociation constant, expressed in moles per liter of solvent, 
can be represented by the equation 


-log K„ = 2.878 + (23) 

Lynch and La Mer (27), from determinations of the dissociation constants of 
acetic, propionic, butyric, and benzoic acids in dioxane-water mixtures, observe 
that the logarithm of the dissociation constant (expressed in moles per 1000 g. 



Fig . 4 Fig . 5 

Fig. 4. Effect, of substituents on the acid strength of benzoic acid. Curves I, o-chloro- 
benzoic acid; curves II, ni-chlorobenzoic acid; curves III, p-chlorobenzoic acid. 

Fig. 5. Dissociation constant of acetic acid in dioxane-water mixtures. O, Harned 
et al.y □, Lynch and La Mer; A, Minnick and Kilpatrick. 

of solvent) is a linear function of the reciprocal of the dielectric constant from 
D = 78 to D = 21. Harned (17) shows that log K for acetic acid is not a linear 
function of the reciprocal of the dielectric constant, and Harned and Fallon (19)* 
show that the logarithm of the dissociation constant is nearly linear with the 
mole fraction of dioxane. Quite apart from the question of linearity with the 
reciprocal of the dielectric constant, it seems preferable to use equation 2 rather 
than the customary dissociation constant of equation 3. Provided there is only 
one solvated proton formed (H 3 0 + ), the actual process is 

A x + H 2 0 ;=± HjO + + B~ 


(24) 
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and the equilibrium constant 

IT __ ^HsO + Cb x / 0 e\ 

a a,-h 2 o - r (25) 

Lh 2 0 Ca x 

takes account of the changing number of moles of water in the solution. In 
figure 5 a graph of log K m and log K Ax . Ha o versus 1/D is presented which indi¬ 
cates the difference in slope if an extrapolation to 1/D = 0 is attempted. 
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Thermodynamic Properties of Electrolytes at Infinite Dilution 1 
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The extent of the validity of Born's equation for the electrical part of the free 
energy of an ion at infinite dilution is not yet definitely known. Clearly this 
equation has failed in several respects. While the ionic radius is to be considered 
merely an empirical parameter, Born’s expression might still be useful to relate 
various thermodynamic properties of solutions of electrolytes at infinite dilution. 
Subject to this restriction, Born's equation is confirmed within the narrow limits 
of experimental errors by a comparison of heat capacities with new data on molal 
volumes of acetic acid. New experimental data confirm the limiting law relating 
the apparent molal volumes of electrolytes and the concentration. 

As old as Arrhenius , theory are the attempts to derive from electrostatics the 
influence exerted by the electric charges of the ions on their thermodynamic 
properties. That the dependence of the free energy on concentration differed 
from the laws of the perfect solution was recognized by Planck and van’t Hoff 
in 1887 (cf. 1), and the first quantitative theory of electrostatic interaction was 
developed by Malmstrom (23) in 1905. The electric influence of polar sub¬ 
stituents on the strength of acids was studied by Wegscheider (38) in 1902. The 
electric part of the free energy of an ion at infinite dilution, explicitly derived 
by Born (6), was involved in the derivation of the clectrostriction effect (1894) 
by Drude and Nernst (8). The theories which started from these three points 
are well known. 

Although the electric parts of all thermodynamic properties can be derived 
from Born’s equation 8 by straightforward thermodynamics ( cf\ 11), most of the 
consequences have been discussed only in recent times. The obvious reason 
of this delay is the uncertainty, from a theoretical viewpoint, of Born’s equation 
itself, and of the additional assumptions required to isolate the electric part of 
any property. 

Webb (37) used a more elaborate model for the purpose of replacing Born’s 
equation. However, Webb uses the classical formula of the inner field, which 

1 Presented at the Symposium on the Thermodynamics of Electrolytic Dissociation, 
which was held under the auspices of the Division of Physical and Inorganic Chemistry 
at the lOlst Meeting of the American Chemical Society, St. Louis, Missouri, April, 1941. 

* Present address: Department of Chemistry, University of California, Berkeley, 
California. 

* Born's equation represents the electric part of the free energy of the solution, not of 
the energy or heat content. This is to be concluded from Gross and Halpern's discussion 
(12) of the analogous problem involved in the theory of Debye and Httckcl. The equa¬ 
tion represents the electric part of the Gibbs free energy as well as of the Helmholtz 
free energy, the reference states of the solution of discharged ions being different in the 
two cases ( cf . 27). 
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requires that the Lorentz-Lorenz term does not depend on pressure, a condition 
not even approximately satisfied by a dipole liquid like water (c/. also 3). To 
expect a good approximation in spite of this simplification would be the less 
justified, as high pressures are involved in the vicinity of an ion. 

The dipole character of water was taken into account by Ingold (16). How¬ 
ever, there is still no way to estimate the effect of the depolymerization of water 
in the neighborhood of an ion. It must be concluded from Onsager’s discussion 
(25) of the dielectric constant that this effect is essential. An expression for 
the free energy of an ion in a non-associated dipole solvent probably may be 
derived from Onsager’s theory; however, there still appears no way of a con¬ 
sistent treatment of aqueous solutions. 

On the other hand, there is some experimental evidence that Born’s equation, 
in spite of the weakness of its theoretical basis, represents in some respects a 
good approximation (3, 13, 21). As even a restricted validity will be useful, a 
thorough experimental test appears to be worthwhile. 

Several restrictions must be stated from the start. It can be concluded 
from the investigations of Webb and Ingold, and it is demonstrated by available 
experimental data, that the Born ionic radii are far too small and hardly more 
than arbitrary parameters. The non-electric parts of F, AF, H , AH, C p , V 
(A indicating ionization) must not be neglected. Thus, if any, the non-electric 
parts of only the following properties may be expected to be small compared 
with the electric terms: A C v , AV, and the variation of C v and V with tempera¬ 
ture, pressure, and the composition of the solvent. 

Bom’s equation was first tested by Scatchard (33) with respect to the variation 
of the free energy with the dielectric constant of the solvent, and similar tests 
have been carried out by other authors (2, 5, 7, 14, 21, 24, 26, 41). The some¬ 
what diverging results may be summed up in the statement that the influence 
of the electrostatic term is more or less noticeable but frequently cannot account 
for the whole change,—not a surprising result as the non-electric part cannot be 
supposed to be independent of the solvent. 

Kritschewsky (20) obtained satisfactory results testing the pressure de¬ 
pendence of the molal volume. 

The temperature dependence of the ionization constant, discussed by Gurney 
(13) and Baughan (3), has been carefully tested in the case of acetic acid by 
La Mer and Brescia (21). This test is equivalent to a comparison of the ionic 
radii calculated from A C p and the variation of this quantity with temperature. 

A similar test can be carried out by means of the expansibility and its tem¬ 
perature coefficient in the following way: As a consequence of the formula of 
Drude and Nernst (8), the quotient 

[<t>°(ti) — </>°(^)]/[0 o (^) <t>°(h)] 

where <f>° denotes the apparent molal volume at infinite dilution, should be inde¬ 
pendent of the nature of the electrolyte and equal to a similar quotient in terms 
of l/D 2 *(dD/dP). As discussed later, the value of dD/dP can be calculated 
from the variation of the apparent molal volume with concentration. Using 
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the data of Baxter and Wallace (4) for fifteen alkali halides, we found the same 
order of magnitude for these quotients. Considering the uncertainty of the 
data, extremely magnified in the involved calculation, a detailed report of the 
results is hardly justified. 

The sensitivity of these methods of testing is greatly impaired by the fact 
that they are based upon derivatives of the measured properties. Much more 
sensitive, and therefore decisive, is a test which compares the two quantities 
which immediately can be measured: namely, A C p and AT. In the following 
this test is discussed for acetic acid. 


A TEST OP BORN’S EQUATION 


The harmonic mean ionic radius r of a weak electrolyte can be derived in¬ 
dependently and with considerable accuracy from the change of heat capacity, 
A C p , and the change of volume AT, accompanying ionization. If BonTs 
equation is valid within the restrictions discussed in the preceding section, and 
if the non-electric parts of these two properties are negligible, the two values of r 
should coincide within the experimental error. 

In order to discuss AC P , we start, following the procedure of La Mer and 
Brescia (21). from Born’s equation, a thermodynamic relation, and an empirical 
formula of Akerlof as used by Wyman and Ingalls (40): 


Ne 
Dr’ 


C P 


d T* 9 


D = a<T 6T 


( 1 ) 


(F 0 = electric part of the free energy; N = Avogadro’s constant; e = elementary 
electric charge; D = dielectric constant of water). The change of heat capacity 
is represented by 


AC P 


Ne 2 b 2 T 

Dr 


( 2 ) 


or, with the numerical values N = 6.03 X 10 23 , e = 4.796 X 10 l0 , b =2.303 X 
0.00198, and D = 78.54 (40), 

A C p = — 109.5/r (joules-degree -1 -mole -1 ) 

= —26.2/r (calories-degree -1 •mole"' 1 ) (25°C.) (3) 

r being expressed in Angstrom units. 

From the variation with temperature of the ionization constant, La Mer and 
Brescia derive r = 0.704, corresponding to AC P = —37.2 calories-degree -1 • 
mole -1 . 4 From the same experimental material, Harned and Owen (15) 
found A C p = —41.3, the difference illustrating the uncertainty involved in the 
computation of a second derivative. 

A reliable value of A C p can be calculated with the aid of the heat capacities 
of acetic acid solutions determined by Richards and Gucker (31). Table 1 
contains the molality m y the apparent molal heat capacities <t>(C P ) at the tem- 


4 La Mer and Brescia give —39.9, which value, however, is not in accord with their 
other data. 
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peratures of measurement, the values for 25°C. found by parabolic extrapolation,, 
and the values <t>u(C p ) of the undissociated acid obtained by adding — aAC p , 
where the degree of ionization, a, was computed from the ionization constant 
given by Maclnnes (22). The limiting value for infinite dilution <t>u(C p ) = 
174 dt 4 joules-degree” 1 -mole -1 was found, the uncertainty being due mainly 
to the temperature correction. 

With Rossini’s (32) value <t>°i(C p ) = 17 joules-degree” 1 -mole” 1 for the ions 
H + + Ac - , we obtain 

A C p = —157 ± 5 joules-degree” 1 -mole” 1 

= — 37.6 ± 1.2 calories-degree” 1 -mole” 1 (4) 


r = 0.697 db 0.023, in excellent agreement with La Mer and Brescia. 

The application of the electrostriction formula of Drude and Nernst (8) 


af = * af >= - 

dp 


Nt dD 
~D*r'dP 


(5> 


requires the knowledge of the pressure coefficient of the dielectric constant. 
The direct determinations of this coefficient were discussed in the fourth paper 


TABLE 1 


Apparent molal heat capacities of acetic acid solutions in joules/degree mole 


m 

0 (Cp) 

^(Cp) 

EXTRAPOLATED 

25°C. 

*»<£> 

16°C. 

18°C. 

20°C. 

0.0695 

160.1 

160.0 

161.3 

170.9 

173.3 

0.139* 

161.9 

162.5 

164.5 

174.3 

176.0 

0.278 

161.5 

161.8 

163.8 

175.2 

176.4 

0.555 

160.20 

161.03 

162.61 

170.3 

171.2 

1.11 

157.42 

158.22 

159.86 

167.6 

168.2 

2.22 

152.37 

153.18 

154.83 

162.8 

163.2 


of this series (29). A much more reliable value can be derived from the limiting 
value d<t>/dc 112 = k = 1.86 (25°C.; apparent molal volume; c, concentration in 
moles per liter), meanwhile confirmed by new measurements (30). According 
to a relation previously derived (27), we obtain (25°C.) 


1 dD 
DdP 


__ P j_ 

3 2 X 2.303R77i 


= (47.7 d= 0.3) X 10“ 8 atm.” 1 


( 6 ) 


with 0 = 45.0 X 10~ 6 atm.”" 1 (compressibility) and h — 0.5056 (coefficient of 
the Debye-Hiickel law). Thus 


AV = 


8.31 dz 0.06 
r 


cc. per mole 


(7) 


To determine with* the desired accuracy the volume change of ionization, 
i.e., of the reaction 


HAc + NaCl = HC1 + NaAc 
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in the limit of infinite dilution, new measurements of the molal volumes of 
acetic acid, sodium acetate, and hydrochloric acid were required, because the 
insufficient precision of earlier data in the dilute range caused a large uncertainty 
of extrapolation. A report of the experimental work will be given in the next 
papers of this series (30). The molal volume of sodium chloride is well estab¬ 
lished by the work of Geffcken, Beckmann, and Kruis (10) and of Wirth (39). 
The values of the apparent or the partial molal volumes at infinite dilution are 
(in milliliters per mole) : 


HAc. 

51.942 ± 0.01 

HC1 

NaCl. 

16.60 ± 0.03 

NaAo.... 




17.830 ± 0.01 
39.244 =fc 0.03 


so that 

AV = —11.47 =b 0.05 cc. per mole; r = 0.725 =b 0.006 A. (8) 

The two values of r, equation 4 and 8, derived from Born's equation by means 
of independent experimental data, agree within the limits of error. The main 
source of uncertainty, the temperature correction applied to the data of Richards 
and Gucker, Is apt to result in too low a value of r. The agreement is, therefore, 
very satisfactory. 

Of course, extensive experimental material will be required before a general 
conclusion as to the validity of Born's equation within restricted limits can be 
drawn. The present result appears to justify further experimental work in this 
direction. 

ON THE VALIDITY OF THE LIMITING LAW OF THE MOLAL VOLUME 

The discussion presented in the preceding section makes use of the limiting 
law of the apparent molal volume of electrolytes (27, 28) in a twofold way. 
First, the extrapolation of the molal volumes to infinite dilution and the uncer¬ 
tainty involved in this extrapolation depend on the validity of this law. Second, 
the method of calculating 6 the value of d I)/dP would be entirely unjustified if 
the limiting law did not hold true. 

It was believed that the experimental material available ten years ago was 
sufficient to support the limiting law. In addition, some more recent data of 
high precision reviewed in the fourth paper of this series (29) confirmed this law. 
Still, some objections were raised meanwhile which made a further investigation 
necessary, especially since the experimental basis was admittedly small. 

Stewart (35, 36) examined the density data given for one hundred and ninety- 
seven strong electrolytes in the International Critical Tables and the Landolt- 
Bornstein Tabellen , and concluded that the limiting law was not valid. In six 
cases even a decrease of the molal volume with increasing concentration was 
found, strictly contrary to theory. Stewart's negative result is, in general, a 
consequence of the use of data obtained for too high concentrations, and in 
some cases of secondary effects like hydrolysis or incomplete ionization. In 


•This method has previously been used in unpublished work by Professor M. Randall. 
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some cases, e.g., potassium chlorate, the negative result was to be explained 
only by gross mistakes in the data. 

Our results (30) for potassium chlorate are represented in figure 1, in which 
the apparent molal volume is plotted against the square root of the concen¬ 
tration c 1/2 . 

Scatchard (34) has pointed out that the square root of the molality should 
be used rather than c 1/2 in the limiting law of the activity coefficient. However, 



Fig. 1. Apparent molal volumes of potassium chlorate. O, International Critical Tables 
Vol. Ill (25°C.); © Joy and Wolfenden (19) (interpolated to 25°C.); C, Jones and Talley 
(17) (26°C.); 3, Jones and Ray (18) (25°C.); •, this paper (24.81°C.). 

for the sake of easier comparison with earlier data, we prefer to keep c 1/2 until 
a general revision of the available experimental material has been made. 

The curve in figure 1 represents the equation 

<t> = 45.677 + 1.86c 1/2 + 0.418c (KC10 3 at 24.81°C.) (9) 

the straight line corresponds to the limiting slope 1.86 previously derived. 
The broken lines indicate the influence of an error of ±3 X 10~ 7 in the density, 
which corresponds to the sensitivity of our reading device. 

The limiting slope is fully confirmed by these data. Our results definitely 
cannot be represented by a straight line with a different slope, according to 
Masson’s rule rather than to the theoretical limiting law. 

The data of some earlier observers (17,19) have been included in the diagram. 
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A number of other data are outside the ordinate range. The results of Jones 
and Ray (18), published after our measurements were finished, agree above c 1/2 = 
0.25 within a few hundredths with ours, if the difference of temperature is cor¬ 
rected for. 

Only the lowest point of the data given in the International Critical Tables 
falls within the ordinate range of figure 1. Obviously these data, which indi¬ 
cate a negative slope, are grossly erroneous. 



Fig. 2. Apparent molal volumes of hydrochloric acid at 25.00°C. □, Wirth (39); •, 
this paper. 

Hydrochloric acid offered a serious problem, for the following reasons: Wirth’s 
precise data (39) resulted in a linear relationship of the apparent molal volume 
with the square root of the concentration, but the coefficient was only one-half 
of the universal value k = 1.86. Thus Wirth’s results in this case are in strict 
disagreement with the theory. As the limiting law has been confirmed so far 
only for salts, a decisive test of an acid was particularly desirable. In addition, 
accurate data were required for the test discussed in the preceding section. 

Figure 2 represents the lowest points of Wirth and our results, which tend to 
approach Wirth’s data at higher concentrations, except for a small systematic 
discrepancy. The curve corresponds to the equation 

0 = 17.830 + 1.86c 1/2 - 1.15c (HC1 at 25.00°C.) 

The agreement with the predicted limiting slope is perfect. 


(10) 



178 


O. REDLICH AND J. BIGELE1SEN 


A RELATIONSHIP INVOLVING THE MOLAL VOLUME AT INFINITE DILUTION 

A relationship of some sort between the value <t>° of the apparent or partial 
molal volume at infinite dilution and the coefficient of the first-power term in 
equations like 9 or 10 may be expected. This coefficient, which we shall denote 
by B , represents a measure of the deviations from the limiting law at moderate 
concentrations and corresponds to a term of the extended Debye-Hiickel law. 
The quantity 4>° may be split into a non-electric or “true” volume and an 
electrostriction term, as given by the formula of Drude and Nemst. Each of 
these three terms,—namely, the coefficient /?, the “true” volume, and the elec¬ 
trostriction term,—can be represented by means of an “ionic radius.” Unfor¬ 
tunately, these ionic radii are little more than arbitrary parameters, so that 
they must not be identified with one another. Still, they are somehow related 
to one another, and the same may therefore be expected of <j>° and B . 

Indeed, a striking parallelism between <j>° and B has already been mentioned 
ten years ago (28) in the second paper of this series. This parallelism has been 
found both by an inspection of the variation with temperature of these two 
quantities and by a comparison of the values for different alkali halides. Re¬ 
cently Fajans (9) stated a similar relationship between the electric part of <£° 
and the individual deviations from the limiting law at moderate concentrations. 

The parallelism between 0° and B explains an empirical relationship found by 
Stewart (36). It can easily be seen in a purely formal way that Stewart’s 
structural parameter h corresponds to the volume of the solution, and the 
quantity dh/dm , therefore, to the partial molal volume or, within Stewart’s 
experimental error, to </>°. Thus the parallelism between dh/dm and the devia¬ 
tions of <f> from the limiting law at moderate concentrations, as found by Stewart, 
represents just the relationship discussed above. 

SUMMARY 

Previous tests of Born’s equation are discussed, and a restricted range of 
possible applicability is stated. 

A test of Bom’s equation is based on a comparison of two independent sets 
of experimental data: namely, the change of heat capacity and the change of 
volume accompanying ionization. Data available for acetic acid agree with 
Born’s equation within the narrow limits of experimental uncertainty. 

The limiting law of the apparent molal volume of electrolytes, used in this 
test, is fully confirmed by new determinations of the density of dilute solutions 
of potassium chlorate and hydrochloric acid, contrary to earlier data. 

A qualitative relationship between the apparent molal volume of electrolytes 
at infinite dilution and the deviations of this property from the limiting law at 
moderate concentrations is discussed. 

REFERENCES 

(1) Arrhenius, S.: J. Am. Chem. Soc. 34, 353 (1912). 

(2) Askew, F. A., Bullock, E., Smith, H. T., Tinkler, R. K., Gatty, O., and Wolf- 

enden, J. H.: J. Chem. Soc. 1934, 1368. 



THERMODYNAMIC PROPERTIES OF ELECTROLYTES 


179 


(3) Baughan, E. C.: J. Chem. Phys. 7, 951 (1939). 

(4) Baxter, G. P., and Wallace, C. C.: J. Am. Chem. Soc. 38,70 (1916). 

(5) Bjerrum, N., and Larsson, E.: Z. physik. Chem. 127, 35S (1927). 

(6) Born, M.: Z. Physik 1, 45 (1920). 

(7) BrOnsted, J. N., Delbanco, A., and Volquartz, K.: Z. physik. Chem. A182, 128 

(1932). 

(8) Drude, P., and Nernst, W.: Z. physik. Chem. 15, 79 (1894). 

(9) Fajans, K.: J. Chem. Phys. 9 , 283 (1941). 

(10) Geffcken, W., Beckmann, Ch., and Kruis, A.: Z. physik. Chem. B20, 398 (1933). 
Kruis, A.: Z. physik. Chem. B34, 1 (1936). 

(11) Gibbs, J. W.: Collected Works , Vol. I, pp. 86-9. Longmans, Green and Co., New 

York (1928). 

(12) Gross, P., and Halpern, O.: Physik. Z. 26, 403 (1925). 

(13) Gurney, R. W.: J. Chem. Phys. 6, 499 (1938). 

(14) Warned, H., and Embree,N.D.: J. Am. Chem. Soc. 67,1669(1935). 

Harned, H., and Kazanjian, G. L.: J. Am. Chem. Soc. 68,1912 (1936). 

(15) Harned, H., and Owen, B. B.: Chem. Rev. 25, 31 (1940). 

(16) Ingold, C. K.: J. Chem. Soc. 1931, 2179. 

(17) Jones, G., and Talley, S. K.: J. Am. Chem. Soc. 55, 624 (1933). 

(18) Jones, G., and Ray, W. M.: J. Am. Chem. Soc. 63 , 290 (1941). 

(19) Joy, W. E., and Wolfenden, J. II.: Proc. Roy. Soc. (London) A134, 419 (1932). 

(20) Kritschewsky, I. R.: Acta Physicochim. U.It.S.S. 8, 181 (1938). 

(21) La Mer, V. K., and Brescia, F.: J. Am. Chem. Soc. 62, 617 (1940). 

(22) MacInnes, D. A.: Electrochemistry. Reinhold Publishing Corporation, New York 

(1939). 

(23) MalmstrOm, R.: Z. Elektrochcm. 11, 797 (1905). 

(24) Murray-Rust, D. M., and Hartley, H.: Proc. Roy. Soc. (London) A126, 84 (1929). 

(25) Onsager, L.: J. Am. Chem. Soc. 68, 1486 (1936). 

(26) Owen, B. B.: J. Am. Chem. Soc. 55, 1922 (1933). 

(27) Redlich, O., and Rosenfeld, P.: Z. physik. Chem. A155, 65 (1931). 

(28) Redlich, O., and Rosenfeld, P.: Z. Elektrochcm. 37, 705 (1931). 

(29) Redlich, O.: J. Phys. Chem. 44, 619 (1940). 

(30) Redlich, O., Bigeleisen, J., and Nielsen, L. E.: J. Am. Chem. Soc., in press. 

(31) Richards, T. W., and Gucker, F. T., Jr.: J. Am. Chem. Soc. 61, 712 (1929). 

(32) Rossini, F. G.: Bur. Standards J. Research 4, 313 (1930). 

(33) Scatchard, G.: J. Am. Chem. Soc. 47, 2098 (1925). 

(34) Scatchard, G.: Chem. Rev. 19, 309 (1936). 

(35) Stewart, G. W.: J. Chem. Phys. 7, 381 (1939). 

(36) Stewart, G. W.: J. Chem. Phys. 7, 869 (1939). 

(37) Webb, T. J.: J. Am. Chem. Soc. 48, 2589 (1926). 

(38) Wegscheider, R.: Monatsh. 23 , 287 (1902). 

(39) Wirth, H. E.: J. Am. Chem. Soc. 62, 1128 (1940). 

(40) Wyman, J., and Ingalls, E. N.: J. Am. Chem. Soc. 60, 1182 (1938). 

(41) Wynne-Jones, W. F. K.: Proc. Roy. Soc. (London) A140, 440 (1933). 




THE APPARENT MOLAL HEAT CAPACITIES AND VOLUMES OF THE 
AMINO ACIDS AND THEIR UNCHARGED ISOMERS 1,2 

FRANK T. GUCKER, Jk., IRVING AI. KLOTZ, and THEODORE W. ALLEN 
Department of Chemistry, Northwestern University , Evanston, Illinois 

Received February 10, 1942 

Studies of the specific heats and densities of aqueous solutions of glycine, glycol- 
amide, dZ-ar-alanine, 0-alaninc, and lactamide show that the apparent molal heat 
capacities of these solutes are linear functions of the concentration in dilute solu¬ 
tions, and that the apparent molal volumes are linear functions of the concentra¬ 
tion over the whole experimental range. An extension of the Fuoss theory of 
dipolar solute interaction predicts that these properties of such non-electrolytes 
in dilute solution should he linear functions of the concentration (instead of the 
square root of the concentration, as for electrolytes) and allows us to calculate the 
limiting slopes. These values are within a factor of 10 of the observed values. 

The fact that the apparent molal heat capacities and volumes of the amino acids 
at infinite dilution are appreciably smaller than those of their uncharged isomers 
has been explained from an electrostatic point of view, based on Kirkwood’s 
treatment of these dipolar solutes. The difference calculated on this basis is 
about one-third of that observed experimentally, and further refinements in tho 
treatment might give quantitative agreement. 

I. INTRODUCTION 

Several years ago a systematic study of the heat capacities, heats of dilution, 
and densities of aqueous solutions of the amino acids and their uncharged isomers 
was begun in this Laboratory in an effort to determine the effect of the charged 
groups on these thermodynamic properties of the solutions. Earlier work 
(9, 10) on the specific heats and densities of aqueous solutions of glycine and 
glycolamide indicated that the apparent molal heat capacities were linear func¬ 
tions of the molality in the dilute region (up to about 1 m), and the apparent 
molal volumes were linear functions of the molarity throughout the range of 
concentration from about 0.1 or 0.2 m to the nearly saturated solution. The 
same relationships were recently found (8) for the heat capacities and volumes 
of dZ-a-alanine, /8-alanine, and lactamide. The experimental data for glycine, 
glycolamide, a-alanine, /8-alanine, and lactamide may be conveniently sum¬ 
marized by means of figures 1 to 4. For a further discussion of the experimental 
data and techniques the reader is referred to the articles (8, 9, 10) cited above. 
With the experimental data on these five compounds we are now in a position 
to test certain theoretical approaches to the study of the non-electrolytic 
solution. 

1 Part of this paper was presented at the Symposium on the Thermodynamics of Electro¬ 
lytic Dissociation, which was held under the auspices of the Division of Physical and 
Inorganic Chemistry at the 101st Meeting of the American Chemical Society, St. Louis, 
Missouri, April, 1941. 

2 This work was supported by a Grant-in-Aid from the Abbott Fund of Northwestern 
University. 
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Fig. 1. The apparent molal heat capacities of glycine and glycolamide at 5°, 25°, and 40°C 



Fig. 2. The apparent molal volumes of glycine and glycolamide at 25°C. 







Apparent Molal volumes in Milliliters 


Molality 


I'ic. 3. i he apparent molal heat capacities of or-alanine, /3-alanine, and lactamide at 
25°, and 40°C. 



Fig. 4. The apparent molal volumes of cr-alanine, /3-alanine, and lactamide at 25°C. 
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II. THEORETICAL INTERPRETATION OF THE RESULTS 

An electrostatic treatment of the thermodynamic properties of dipolar solutes 
may be conveniently divided into two distinct parts. First we shall be in¬ 
terested in the calculation of the limiting slopes of the partial molal heat capaci¬ 
ties and volumes, and second, we shall wish to account for the differences 
between the absolute values of these properties for the amino acids and their 
corresponding uncharged isomers in the infinitely dilute solution. 

As has been pointed out in previous papers (8, 9,10), we have as yet no theory 
which will predict quantitatively the behavior of aqueous solutions of dipolar 
solutes like the amino acids. Fuoss (6) has attempted to describe the thermo¬ 
dynamic properties of such solutions in terms of the mutual interaction of pairs 
of spherical solute molecules containing central point dipoles. His theory makes 
use of a parameter: 

2 

x= - » 

a 3 DkT 


where /x is the dipole moment, a the molecular diameter, D the dielectric constant 
of the solvent, T the absolute temperature, and k the Boltzmann constant. In 
the present paper this parameter has been modified as suggested by Kirkwood 
(12) to take into account the discontinuity of the dielectric constant at the 
surface of the solute molecule. The new parameter y is 


r 3D t 

V 121) + Aj a 3 DkT 


where D, is the dielectric constant within the spherical cavity containing the 
dipole. 

The senior author, in collaboration with Dr. W. L. Ford (5), has employed 
this new parameter to calculate the contribution of the dipole-dipole interaction 
to the apparent molal volumes and heat capacities of dipolar solutes in dilute 
solutions. If we substitute y in the Fuoss equation for the change in partial 
molal free energy of the solute due to this interaction, we have simply: 


p ~ R TNJ 

r 2 — F2 — — ,7- 


( 1 ) 


where R is the gas constant, N is Avogadro’s number, and V is the volume (in 
liters) of solution containing 1 mole of the solute. J is defined by the equation 


where 


J = 2 a 3 yd(y) 


6(y) 


-?( 


I 2 | 29 4 1 

1 + 25 y + 18375 y + 


( 2 ) 

(3) 
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Carrying out the necessary differentiations with respect to temperature, we 
obtain the following equation for the change in partial molal heat capacity due 
to dipolar interaction: 


r — - 

Wj Wi ~ 


RNT' 


where a stands for — > ^ le coefficient of expansibility of the solvent. 


(4) 

It 


should be pointed out that this equation differs from that of Fuoss in con¬ 
sidering the temperature coefficient of the dielectric constant of the medium. 
Fuoss' treatment apparently considers the dielectric constant of the medium 
independent of temperature and hence is not applicable to aqueous solutions. 


TABLE 1 

Limiting slopes for partial molal heat capacities and volumes 



d£p t /dm 

(observed) 

(calculated) 

dVl/dc 

(observed) 

dV,/dc 

(calculated 

Glycine-glycolamide. 

7.72 

0.55 

1.46 

0.25 

a-Alaninc-lactamide.,. 

3.92 

0.31 

1.12 

0.16 

/3-Alanine-lactamide. 

6.24 

0.78 

1.40 

0.54 


Using the values of p and a from table 2, and the following data, we may 
evaluate the parameter y for the dipoles under consideration: 

D = 78.54 
Di = 1 (assumed) 

k = 1.37 X 10~ 16 ergs per degree per molecule 

T = 298° A. 

This leads to a solution of equation 4, and the limiting slopes for glycine, 
a-alanine, and /5-alanine, compared with the observed values, are listed in table 1. 
The observed values are obtained by subtracting the limiting slopes of the 
corresponding uncharged isomers from those of the amino acids, i.e., glycol- 
amide from glycine, and lactamide from a- and /5-alanine. This gives us the 
closest approximation for the experimental value of the limiting slope for “pure” 
dipole-dipole interaction. The agreement between theory and experiment 
(about a factor of 10) is fair, considering the very simple model and the in¬ 
accuracies of the calculation which arise from taking the differences between 
large numbers. 

A consideration of the pressure coefficient of the free-energy equation leads 
to the corresponding equation for the partial molal volume change due to dipolar 
interaction: 


Vt Vi V dy dP J 


(5) 
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where 0 = — i ^e coefficient of compressibility. Table 1 lists the 

results of the evaluation of the limiting slopes for the partial molal volumes of 
glycine, a-alanine, and 0-alanine at 25°C. The corresponding observed values, 
obtained in the same manner given above for the heat capacities, are also to be 
found in the table. Thus the agreement between theoretical and observed 
values is somewhat better in the case of the volumes than for the heat capacities. 

As a qualitative result of the Fuoss theory, the larger the value of the par¬ 
ameter /x 2 / a 3 , the greater should be the value of the limiting slopes dC P2 /dm and 


M X 10 18 . 
cX10». 

X 10*2 
a* 


(25°C.). 
dm 


dV, 

dc 


(25°C.). 


TABLE 2 

I J arameler8 and limiting slopes for five amino acids and amides 


GLYCINE 

/3-alanine 

a-ALANINK 

GLYCOLAMIDE 

LACTAMIDE 

15.3 

18.9 

15.3 

2 

2 

5.28 

5.84 

5.82 

5.54 

6.00 

1.59 

1.79 

1.19 

0.023 

0.018 

9.16 

5.28 

2.96 

1.44 

-0.96 

1.72 

1.43 

1.15 

0.26 

0.034 




Fig. 5. The limiting slopes of the apparent molal heat capacities and volumes at 25°C. 
Curve A, glycine; curve B, 0-alanine; curve C, a-alanine; curve D, glycolamide; curve E, 
lactamide. 


dVi/dc. It is interesting at this point to compare the values of the parameter 
and limiting slopes for all five amino acids and amides studied to date in this 
Laboratory. These values are contained in table 2, and graphical comparison 
is made in figure 5. In order to make the data in table 2 truly comparable, all 
values of p, except those of lactamide and glycolamide, were derived from experi¬ 
mental investigations of the dielectric increment (2), and all values of a from 
the molal volume of the solid substance. The dipole moments of glycolamide 
and lactamide were roughly estimated from structural considerations. 

Rough agreement with the Fuoss theory is shown in all comparisons except 
that between glycine and 0-alanine. According to the theory, the limiting 
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slopes of the partial molal volumes and the partial molal heat capacities should 
be greater for 0-alanine than for glycine, but the opposite is observed. How¬ 
ever, this discrepancy may not be significant when one considers the simplicity 
of the Fuoss model of a point dipole at the center of a sphere, and the sensitivity 
of the parameter n 2 /a z to the choice of values for n and a. It is obvious that, 
of the compounds under consideration, the 0-alanine molecule would be the 
least likely to conform to the* model of a point dipole at the center of a sphere. 
A further refinement of the Fuoss model would be to consider the finite distance 
of separation between the charges of the dipole. Calculations along this line 
have been started by the senior author, in collaboration with Dr. Hugh B. 
Pickard, and the results, as yet not complete, indicate a further contribution of 
about 20 per cent to the thermodynamic properties considered above. 

To account for the magnitude of some of the thermodynamic properties of 
dipolar ions in an infinitely dilute aqueous solution, an electrostatic treatment, 
employing the Kirkwood (11) formula for the charging energy of an ion, has 



Fio. 6. Model for amino acid molecule 

been adopted. We have accepted the model for an amino acid molecule shown 
in figure 6 and have calculated the apparent molal heat capacity and volume 
changes in the reaction 

HOCHRCONH* = EtfNCHRCOCT (6) 

For a spherical molecule consisting of an arbitrary charge distribution in a 
cavity of radius b and dielectric constant D„ situated in a medium of dielectric 
constant D and in the absence of electrolyte, the free energy of solvation is 
given by 

w ___ 1 y' (u *4“ l)QnCPi D) _ 

Wo ~ 2 2M^[(» + 1 )D + nDi 1 

where Q n is 

Qn = ]£ ektlVk U Pn( COS dkl) (8) 

*-i 

in which “P n (cos 0) are the ordinary Legendre functions and 0*z is the angle 
between r k and r h the lines drawn from the center of the sphere b to the charges 
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«* and cjIn the reaction represented by equation 6 the change in the charging 
energy will be given by 


AITo 


1 V (» + 1 )Q.(Di -D ) If (» + l)Q'„(Di - D) 

2 „~i Dib 2n+1 [(n + 1 )D + nDi] 2 At»'«" +1) [(n + ljZ) + nZ>,] 

AU7 _ 1 ( n + 1) (Di — D) f” Qn Qn "| 

0 2„“1 Di l(n + l)ZM-nZ) < ]'U 2 ’ ,+1 6'«» +1 ) J 


(9) 

( 10 ) 


where the primed symbols refer to the amide. If we let N represent Avogadro's 
number, then 


ACJ, = _ T (3foWj\ 

N V dT* )r 

_ T a 2 f. (» + 1) (Di — D) r Qn Qn 1 
2 3T 2 £i Di [(» + 1 )D + nDi] U 2n+l 6' <2n + 1, J 

T f, (»+l)f Q n Q' n 1 a 2 [ (Di - D) 1 

2 „4i a 6 ,(2n+1) J ar 2 L(n + i)Z> + nZ>J 


It follows that 


a 2 f (Di - D ) 1 
ar 2 L(» + i)z> + n£>J 

— (2n + l)A[(n + 1)D + nD,]~ + 2(2» + 1)(» + 1 )a(^J (12) 

[(n + 1)D + 

At this point it is convenient to adopt one of the standard equations for the 
variation of the dielectric constant of water with temperature. We shall con¬ 
sider first the form used both by Akerlof and Short (1) and Wyman and 
Ingalls (18): 

In D = a - PT (13) 


where a and 0 are constants; but later we shall also consider the effects of two 
other types of equations. Using equation 13 and assuming that D» = 1, we 
may simplify equation 12 to: 

d 2 r (Di - D) 1 _ (2» + l)(?D[(n + 1 )D - n] , . 
dT*l(n + 1 )D + nDi J [(» + 1)Z> + nf 

Hence it follows that 


N 


rp 00 

—K 2 (» + 1) 

& n—1 



Q' n ~] (2n + l)f?D[(n + 1 )D - n] , 1lrt 
&'< 2 »+‘>J [(n + 1)£) + n] s v ; 


It is possible to simplify equation 15 by a consideration of the relative magni¬ 
tudes of some of its terms. Since, for water, D is of the order of 80, 
(n + 1 )D y> n , and we may neglect n with respect to (n + 1 )D. Furthermore, 
since the values of b and b f are roughly equal, whereas Q n » Qn, we may neglect 
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Qn/b' “ with respect to Q„/6 (Sn+I) . In the latter approximation the inclusion 
of the primed terms would change the value obtained for A C° P , by less than 2 
per cent. Thus we obtain 

ACl, = _T(3 2 f, (2a + 1) Q n 
N 2D (n + 1) &*»+> 

According to Cohn (2), Kirkwood has calculated the percentage of the total 
effect that may be attributed to terms higher than n = 1 for the change in the 
solubility with change in dielectric constant. For glycine the higher multipoles 
contribute 14 per cent, whereas for a-alanine they are responsible for 33 per 
cent. Since Kirkwood's calculation is essentially one for the contribution of 
the higher order multipoles to the charging energy, it is possible to estimate, 
by a method of comparison of series, the percentage effect in the heat capacities 


TABL10 3 

SCp 2 at 25°C . in calories per mper degree 



DIPOLE TERM 

ALL TERMS 

EXPERIMENTAL 

Glyeine-glycolumidc . . 

-11.3 

-13.0 

-20.9 

a-Alanine-lactamide . 

-8.3 

-11.2 

-20.1 

0-Alanine-lactamidc . 

-11.0 

* 

-35.6 


* The effect of higher multipoles is unknown, owing to uncertainty in what to take for 
the shape factor. 


also. Simplifying the equation for the change in solvation energy in the same 
manner as we have simplified that for the heat-capacity change, we obtain: 



tA b 2 "+ l 


(17) 


If we now consider the ratios of successive terms in the series represented by 
equations 16 and 17, respectively, we find that the relative contributions of 
successive terms to the total value of the series is very slightly greater for the 
heat-capacity series. However, this excess effect is only about 5 per cent of the 
contribution of the multipoles higher than the dipole, so that the effect on the 
total heat capacity should be about 15 per cent (14 per cent + 1 per cent) for 
glycine and about 35 per cent (33 per cent + 2 per cent) for a-alanine. 

Table 3 lists the values obtained for A C° P2 by a calculation including only the 
dipole term of the series and by one including all the terms. These are com¬ 
pared with the experimental values. The total summation is given by the sum 
of the dipole term plus the per cent of this term (given above for glycine and 
a-alanine) due to higher multipolcs. For the calculation of the theoretical 
values, the values given in table 4 were adopted for the various constants and 
parameters. 

In the above treatment we have assumed that the variation of the dielectric 
constant of water with temperature is given by equation 13. A number of other 
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equations, however, have also been found applicable. Thus Everett and Wynne- 
Jones (4) have called attention to the fact that an equation of the form 

log D = A — B log T (18) 

represents very closely the data of Kockel (13) and of Lattey, Gatty, and 
Davies (15). On the other hand, Wyman and Ingalls (18) use a power series 
to express their results. 

For purposes of comparison we have derived expressions for the heat-capacity 
change for each of the three types of equation for D, and have evaluated these 
expressions for the difference between glycine and glycolamide. In these calcu¬ 
lations we have considered only the first term of the series for A C° Pi and have 

TABLE 4 


Constants and 'parameters used in charging energy calculations 



GLYCINE 

a-ALANINE 

0-ALANINE 

p in Debye units. 

15 

15 

19 

h in A. 

2.64 

2.91 

2.92 



In the Akerlof-Short equation, p = 0.00472 cleg ." 1 
At 25°C., D = 79. 


TABLE 5 


Variation in ACp, with equation for D; glycine-glycolamide at 25°C. 


EQUATION FOE D j 

< 

In D = a — pT 

-11.3 

log D - A - B log T 

-4.0 

D - 78.54 [1 - a(l - 25) -f ■ • ■ ] 

-9.3 


employed the constants given by the authors for each of the equations. Our 
calculations, therefore, include not only the effect of the different types of equa¬ 
tion but also the discrepancies in the work of the different authors. It should 
be noted, however, that Wyman and Ingalls (18) fitted their results to an equa¬ 
tion of the type of equation 13 and obtained a value of (3 which docs not differ 
significantly from that of Akerlof and Short (1). 

From table 5 it is obvious that the value obtained for A C° P2 is very sensitive 
to the equation used for the variation of the dielectric constant of water with 
temperature. However, in all cases, the value obtained for A C° P3 is much smaller 
than the experimental value, —26.9 calories per degree X mole. It would seem, 
therefore, either that the model which has been used is too simple to account for 
the entire heat-capacity change, or, perhaps, that p 2 /b 3 is not truly independent 
of temperature. 

The calculation of the general expression for the change in partial molal 
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volume at infinite dilution accompanying the reaction represented by equation 0 
is quite straightforward. The pressure coefficient of equation 10 would be 

ATS = /<3atfA _ iy n_+ if Q- _ Qn "I a_f_ A-d 1 nQ) 

'N \ dP )t 2tfy A U 2n+1 5' <2 " +I> J oP\_(n + 1)7) + nDi\ U ' 

which, if we make the usual approximations, can be reduced to 

A?* _1_ dJD f (2 In + 1) Q n 

N 2D* OP fa (n+1) b 2n+l [ 

This equation has the same general form as equation 1G, for the change in heat 
capacity. The consideration of the relative contribution of multipoles higher 
than the dipole, discussed for the heat capacities, is also applicable to the volume 
changes. Hence we shall calculate AVI from the first term of equation 20. 

aF 2 ° = _3 m 2 dD ( n 

~N 4 6 3 D 2 dP K ’ 

Gucker (7) and Redlich (1G) have considered the available data for the calcu¬ 
lation of the pressure coefficient of the dielectric constant of water. The work 
of Kyropoulos (14) at 20°C. has been most generally accepted. We shall assume 
that Kyropoulos , data, which can be expressed by the equation 

D = 80.79(1 + 59.2 X 10~ 6 P - 3.28 X 10"°P 2 - 1.61 X 10' Vi P 3 + • • • ) (22) 

can be applied at 25°C. Since our calculations arc quite crude anyway, any 
change due to the difference between the pressure coefficient of I) at 20° and 
25°C. is probably insignificant. Utilizing values for the radii obtained from 
the molal volumes of the solid substances and the pressure coefficient of D 
obtained from equation 22, we find the values for AVI given in table 6. 

The agreement between calculated and observed values of aFJ is about as 
good as that for AC () P2 . The suggestion of Redlich (17) that dD/dP be deter¬ 
mined from the limiting slopes of the partial molal volumes of electrolytes in 
aqueous solutions v r as also considered, but his value would not alter our calcu¬ 
lated values significantly. However, there is much uncertainty in the value of 
dD/dP and hence in the calculated values of AVI 

Table 7 lists the calculated values for b obtained from the first terms of the 
respective series for the apparent molal heat-capacity and apparent molal volume 
changes at 25°C. The experimental values for A C° P2 and AV 2 were employed. 

Table 7 is a convenient way of comparing the results obtained from different 
types of measurement, although it minimizes the disagreement between the 
experimental and calculated values, since any error in the heat capacity or 
volume change enters as a cube root in b . It is apparent, then, that the model 
used for the calculations listed above is perhaps a good first approximation, but 
does not account for the entire effect observed experimentally. 

Recently, Everett and Coulson (3) have made a more detailed model for ions 
in aqueous solution, in which they attempt to break up the treatment of the 
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solvent into two different parts. The change in the heat capacity due to the 
restriction in rotation of the water molecules in the first shell around an ion is 
calculated by statistical methods, while the contribution of all the other water 
shells is assumed to be given by the Born charging energy. Such an approach 
predicts values of the changes in heat capacity upon the ionization of acids which 
are fairly close to the values experimentally observed. 

The above treatment assumes that the ions under consideration are spherically 
symmetrical, which is not the case for the amino acids. One may attempt, 
however, to make a very rough application of the method of Everett and Coulson 
to the amino acids by assuming that the molecule may be represented by a 
dumbbell, one end containing a sphere of charge +e and the other a sphere of 
charge — t. If the radii of these spheres are each about 1 A., and if each sphere 


TABLE 6 

Values of AV° a l infinite dilution at 25°C. 



(calculated) 

(experimental) 


ml . 

ml . 

Glycine-glycolamide. 

-4.1 

-12.97 

a - Alan i nc-1 ac tami de. 

-3.1 

j -12.90 

/3-Alanine-lactamide. 

—4.8 

! -11.79 


TABLE 7 

o 

Values of b in A. from consideration of experimental data at 25°C. 



< 


FROM SOLID 

Glycine . 

1.97 

1.8 

2.64 

a-AIanine. 

2.16 

1.8 

2.91 

/3-Alanine. 

2.10 

2.0 

2.92 


is surrounded by four water molecules in the first shell so that the solvated 
molecule has a radius of about 4.5 A., then the predicted value of A C° Pi would 
be about 22 calories per degree per mole. However, a treatment based on this 
very crude model disregards the asymmetry of the amino acid molecule and 
neglects the effect of the field of the positive end of the dipole on the water mole¬ 
cules surrounding the negative end, and vice versa. For the present, then, one 
can only say that this new model can be made to account for practically all of 
the observed change in heat capacity, and that it predicts the correct sign for the 
temperature coefficient of the heat capacity. 

III. SUMMARY 

The limiting slopes of the partial molal heat capacities and volumes for 
glycine, a-alanine, and 0-alanine have been calculated from the Fuoss theory of 
dipolar solute interaction. Observed and calculated slopes agree within a factor 
of about 10 for the heat capacities and slightly better for the volumes. 
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The differences in the heat capacities and volumes at infinite dilution 
between these amino acids and their corresponding uncharged isomers have 
been estimated from an electrostatic standpoint. The calculated values are 
approximately one-third of the experimental. 

Possible refinements in the theoretical treatment have been indicated. 
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Measurements of the heats of dilution of aqueous cadmium chloride, bromide, 
and iodide solutions at 15° and 25°C. arc reported. The data are treated to obtain 
relative partial inolal heat contents, heat capacities, and entropies. The results 
are discussed with reference to the Debye-Htickel limiting law in extremely dilute 
solutions and in terms of ion association in more concentrated solutions. Com¬ 
parison is made with similar data obtained from n.m.f. measurements. 


I. INTRODUCTION 

The heats of dilution of strong electrolytes have been measured precisely in 
many cases and have afforded significant tests of the limiting law of Debye 
and Htickel (3, 6, 20). Analytical treatment of the data, particularly by Young 
and his coworkers (24, 25, 2G), has shown excellent agreements with the theory 
for sixteen salts of the alkali metals of the 1-1 and 1-2 valence types. Young 
and Seligmann (25) consider this agreement “to be the most impressive quanti¬ 
tative confirmation yet received by the Debye-Hiickel limiting law.” Similar 
treatment of the results for the heats of dilution of 2-2 salts (23; 25, footnote 19) 
has shown deviations from the limiting law to a greater extent than could be 
accounted for by experimental error. Recently, however, using a slight 
modification of the treatment of Young, which will be described later in this 
paper, we have been able to show (18) that there is strong indication that better 
agreement with the limiting law exists than previously reported for the heats 
of dilution of these salts. In the cases of the sulfates of calcium, magnesium, 
copper, zinc, and cadmium, approach to the limiting law first becomes evident 
at concentrations below 0.001 m. 

Although values for the relative partial molal heat contents and related 
quantities have been obtained for a number of weaker electrolytes by measure¬ 
ments with suitable cells, there is a lack of precise calorimetric measurements 
for these salts. It was with the purpose of extending our knowledge of the 
thermochemica! properties of dilute aqueous solutions of such salts that these 
measurements were undertaken. 

1 Presented at the Symposium on the Thermodynamics of Electrolytic Dissociation, 
which was held under the auspices of the Division of Physical and Inorganic Chemistry at 
the 101st Meeting of the American Chemical Society, St. Louis, Missouri, April, 1941. 

2 Post-doctorate Fellow in the Department of Chemistry, University of Pittsburgh. 
This fellowship was supported by a grant from the Carnegie Institution of Washington. 
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II. APPARATUS AND METHODS 

The apparatus and method for determining heats of dilution have been ade¬ 
quately described by Lange and Robinson and their coworkers (4, 8, 14, 15, 22). 
The present experiments were performed using a Lange-type adiabatic differ¬ 
ential calorimeter in which the temperature was measured by means of two 665 
junction iron-constantan thermels connected in parallel. By observing the 
deflection of a Leeds and Northrup HS galvanometer connected directly to these 
thermels, a temperature change of 10~ 7 degree could be detected, although, for 
most measurements, the electrical resistance of the circuit was so arranged as 
to limit the sensitivity to approximately 1 microdcgree per millimeter deflection. 

The calorimeter was identical with that used by Wallace and Robinson (22), 
with the exception of a few minor details. 

Because of the susceptibility of iodide ion to atmospheric oxidation, an oxygen- 
free system was thought desirable. Oxygen-free water was prepared by boiling 
freshly distilled water and storing it under an atmosphere of commercial tank 
nitrogen until used. This “oxygen-free” water was used for the preparation of 
all cadmium iodide solutions. This same water was used as the dilution water 
in the calorimeter for all the measurements on cadmium iodide. Suitable pre¬ 
cautions were taken to prevent the solution of atmospheric oxygen during the 
process of filling the calorimeter, and the various entrances to the system were 
blocked by oil traps to maintain the isolation of the calorimeter contents during 
the subsequent course of the experiment. 

Agreement between results of experiments in which atmospheric oxygen was 
eliminated and those in which no particular precautions were exercised was 
taken as evidence that chloride and bromide solutions arc not appreciably 
affected by atmospheric oxygen. Hence the experiments on the chloride and 
bromide solutions were performed without any attempt to exclude oxygen. 

After a few experiments were performed using cadmium iodide solutions, it 
became evident that surface adsorption was making a small but appreciable 
contribution to the measured heats. Such effects were rendered inappreciable 
by coating the calorimeter walls with paraffin, and a suitable revision of the 
previously accumulated data was made. 

The right-hand and left-hand pipets have volumes of 6.755 and 6.782 ± 0.004 
ml., respectively. The right-hand and left-hand calorimeters contain 1000 and 
1004 ± 1 ml., respectively. 

The cadmium iodide and cadmium chloride were Mallinckrodt products of 
analytical reagent grade, and were used without further purification. The 
cadmium bromide was a Merck C.P. reagent, and was recrystallized before use. 
Stock solutions of these substances were made, the halogen contents of which 
were determined to one or two parts per thousand by titration with a standard 
silver nitrate solution, using dichlorofluorescein as an indicator. Solutions used 
in the experiments were prepared by dilution of the stock solutions, using cali¬ 
brated volumetric glassware. 

All solutions were made up by volume and then converted to a weight basis 
with the aid of densities obtained from the International Critical Tables . 
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III. TREATMENT OF RESULTS 
A. Experimental heats of dilution 

The scheme of calculation to be followed for these salts is, in general, the 
same as that employed by Wallace and Robinson for sodium sulfate solu¬ 
tions (22). 

For each initial concentration of salt two types of dilution were performed. 
A small volume, about 7 ml., of salt solution was diluted with about a liter of 
water and the heat effect (gi) accompanying the dilution was measured. In the 
second type of dilution the diluent was the dilute solution produced by the 
first type of dilution. The heat of this second type of dilution may be called q 2 . 
From these data two heats of dilution may be computed: 

A// Cl ^ Cj = qi/n and A// c ,-r 2 = 0.5017(gi - q 2 )/n 

where c t is the initial concentration and c 2 and c 3 are the final concentrations 
after the first and second types of dilution, respectively. The A/Z\s are the 
heats of dilution per mole of salt for the concentration change indicated, n is 
the number of moles that was actually diluted, and 0.5017 is a numerical factor 
arising from the particular volumes of pipets and calorimeters used. 3 

A H Cl ^c 2 corresponds to a dilution of about 148-fold and will be designated 
hereafter as a long chord. A//r a -r 2 corresponds to a dilution of about twofold 
and will be designated as a short chord. These short chords are in the very 
dilute range where direct chords are difficult, if not impossible, to obtain. They 
are particularly important for the practical purpose of extrapolation to infinite 
dilution and for comparison with the limiting law. 

To derive the equation as given above, one considers q 2 as consisting of heats 
of dilution of n moles of solute from to c 3 and n(l — 8) moles of solute from 
Co to c 3 . The quantity 5 (= volume of pipet -r volume of calorimeter) enters 
as a result of the procedure followed when using a Lange-type calorimeter (14). 
Before filling the pipet for making the second dilution it must be emptied of its 
contents,—namely, the solution remaining after the first dilution. This removes 
nd moles of solute, so there remains n(l — 8 ) moles of solute. Then, 

q 2 = nAH Cl -c 3 + n( 1 - 5)AZ/ C2 _, S 

= n A// Cl -r 3 — n(l — $)A// C3 _* C2 

Also 

A//ci-*cj = A// Cl _» C j “h A// CJ — 

from which 

q 2 = nAH Cl _* C2 - n(2 — 5)A// C> - C2 

1 This procedure is slightly different from that followed by Wallace and Robinson (22). 
They calculated A// Cl -* tf2 and A/Zr^cj and then obtained A// es -»e 2 as the difference of these 
two quantities. This cumbersome method of calculation, while being numerically correct, 
magnifies excessively the transmission of errors in q\ and q 2 to A// cs -+c 2 . 
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but 


SO 


7lAH Cl -*c2 — 


A H cz ^c t = (qi - qi)/n(2 - 5) 


which, after substituting the proper numerical value for 5, gives 


A = 0.5017 (<?i — q?)/n 

In table 1 the data leading to the calculation of the heats of dilution are sum¬ 
marized. The first two columns give the initial and final concentrations of a 
dilution, respectively. The remainder of the table gives the experimental heat 
effects and heats of dilution per mole of salt at the two temperatures studied. 

Data for the calculation of the short chords have been entered in table 1 just 
as if they were performed directly. For the short chords c 3 and c 2 are given in 



Fia. 1. Plot of the short chords (average value of d<PL z /d?n lf2 ) for aqueous cadmium 
bromide solutions at 15°C. as a function of the square root of the concentration. Solid 
line calculated from equation 1; broken line calculated from equation 6. 


the columns headed m i and m 2 , respectively, while qi — q* has been tabulated 
under the column headed q. 


B. The extrapolation 

For extrapolation to infinite dilution from the lowest measured final concen¬ 
tration, we have used a modification of the method of Young (24, 25). As an 
example we use the data for cadmium bromide at 15°C. Figure 1 shows a plot 
of the short chords derived from the heats of dilution in the very dilute con¬ 
centration range, obtained in the manner just described. Each of these chords 
represents the average value of the derivative of the apparent molal heat content 
with respect to the square root of the concentration in the small concentration 
range defined by the length of the chords. A smooth curve through these 
chords may be determined by a graphical or analytical procedure. The intercept 
of this curve on the ordinate axis gives the experimental limiting slope, and the 
area under the curve to a concentration m gives the relative apparent molal 
heat content, or its negative the integral heat of dilution at that concentration. 

The heats of dilution of cadmium bromide at 15°C. were of such a sign and 
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magnitude as to be in a range wherein the Lange-type calorimeter operates most 
successfully. For this reason these data are particularly precise (compared to 
the other five cases) and hence were chosen for use in the analytical treatment. 
For representation of these data a quadratic equation in m 1/2 was chosen, and 
the constants were determined by the method of least squares. The equation 
so obtained is 

S = 1367 - 280,490m 1/2 + 3,209,580m (1) 

where S = d3>L 2 /dm 1/2 . 

From equation 1 the limiting slope for cadmium bromide at 15°C. is seen to 
be 1367. It is obvious that, because of the great curvature exhibited by the 
plot in figure 1, the limiting slope as evaluated cannot be of very great pre¬ 
cision. An estimate of the precision of the limiting slope can be made fairly 
rigorously by means of the familiar equation for the propogation of precision 
indices (17). If we have 

V = r/(ji, a-2, Xz • • • Xn) ( 2 ) 

where Xi , X2 , xs , etc. are measured quantities having probable errors p Xl , 
Px 2 , etc., then 

Vv = VX pii ( dU/dx ,) 2 (3) 

t 

where p v is the probable error of the derived quantity U. 

In the application of the method of least squares the constants which are 
being sought are expressible as explicit functions of the measured quantities. 
In this particular case 

& = £j°(A// lf A// 2 • ■ • A// n , m h m 2 * • • m n ) (4) 

where >S° is the limiting slope, A//i , A// 2 , etc. are the various measured heats 
of dilution, and m h etc. are the concentrations. Equation 3 may be used 
to evaluate the probable error of *S° in terms of the probable errors in the heats 
and concentrations. Making the reasonable assumption that the probable 
errors of the concentrations are negligibly small compared to errors in the heats 
of dilution, 

p s0 = y/'JT p mi i (dS°/ d A Hi) 2 

t 

With the aid of probable errors listed in column 6 of table 1, p» o is found to be 
±1020 or S° = 1367 ± 1020. The Debye-Hiickel limiting slope for a 2 1 salt 
at 15°C. is 2044. Hence, the data presented in this paper seem to indicate 
that cadmium bromide does obey the limiting law within the limit of error of 
the experiments, although such obedience is not apparent at concentrations 
larger than 0.0001 m. 

It is a matter of some interest to derive an equation of the same type as equa¬ 
tion 1, using the theoretical value of S°. Such a treatment gives 

S = 2044 - 325,340m 1/2 + 3,775,800m 


( 6 ) 
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Equations 1 and 6 when integrated with respect to m 112 give, respectively, 

4>L 2 = 1367m 1/2 - 140,250m + l,069,870m 3/2 (7) 

= 2044m 1/2 - 162,670m + l,258,600m a/2 (8) 

Values for 4>L 2 computed from these equations may be used to evaluate heats 
of dilution for the same concentrations as were used experimentally. The results 
of such calculations are presented in table 2. The deviations listed in columns 
6 and 7 of table 2 show that an equation containing the theoretical limiting 
slope is almost as successful in reproducing the measured heats of dilution as is 
an equation in which the initial slope determined by the method of least squares 
is used; particularly is this true for the lowest concentrations studied. 

The deviations listed in column 6 of table 2 are seen to be for most cases 
larger than the probable errors assigned to the experimental heats of dilution. 
This is not surprising, since the latter quantities do not include the systematic 

TABLE 2 

Comparison of measured and calculated heats of dilution of aqueous solutions of cadmium 

bromide at 15°C. 


mi 

m/ 

AH 

DEVIATIONS 

(Ai7 0 alod. AHttx ptl.) 

Experimental j 

Equation 7 

Equation 8 

Equation 7 

Equation 1 

moles of salt Per kilogram of water 

| calories per mole of salt 

calories per mole of salt 

0.005363 

0.002690 

77.1 ± 0.4 

74.8 

72.2 

—2.3 

-4.9 

0.002690 

0.001350 

67.3 =fc 1.1 

71.2 

74.1 

+3.9 

+6.8 

0.001350 

0.0006775 

44.8 ± 0.9 

45.5 

47.3 

+0.7 

+2.5 

0.0006775 

0.0003400 

24.9 ± 0.3 

24.7 

25.1 

-0.2 

+0.2 

0.0003400 

0.0001705 

18.2 ± 0.6 

12.2 

11.5 

-6.0 

-6.7 

0.0001705 

0.0000856 

4.1 ± 0.0 

5.0 

4.2 

+0.9 

+0.1 


errors inherent in such measurements, whereas the deviations do to a certain 
extent take account of this type of error. Hence, the deviations are more 
likely to be a proper estimate of the accuracy of these measurements than are the 
probable errors given. 

It might be pointed out that in the treatment given above no assumptions as 
to incomplete dissociation are involved. The e.m.f. data for these salts have 
customarily been extrapolated to infinite dilution with the aid of the Gronwall, 
La Mer, and Sandved (7) extension of the Debye-Hiickel theory or by assump¬ 
tion of some plausible association equilibrium. 

Qualitatively, all three salts at both temperatures indicate an approach to the 
limiting law similar to that revealed in figure 1; the precision for the other cases 
seemed insufficiently high to justify an attempt at quantitative comparison with 
theory. 

Equation 7 may be used to compute values for the relative apparent molal heat 
contents of cadmium bromide solutions at 15°C. for m < 0.005. For the other five 
cases included in this investigation, graphical extrapolations of the short chords 
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were carried out, and estimates of the uncertainties introduced into the 
values by the extrapolations were made from a comparison of the $Ls’s so ob¬ 
tained and those yielded by an extrapolation to the theoretical limiting slope. $ 1/2 
values for the higher concentrations were obtained by addition of the measured 



0 0.01 005 



Fig. 2. 4>L 2 (calories per mole of cadmium chloride) vs. m l,t at 15° and 25°C. for aqueous 
cadmium chloride solutions at extreme dilutions. Dashed linos represent the Debye- 
Htickel limiting law for the two temperatures. 

Fig. 3. 4>L 2 (calories per mole of cadmium bromide) vs. m lft at 15° and 25°C. for aqueous 
cadmium bromide solutions at extreme dilutions. Dashed lines represent the Dobye- 
Htickol limiting law for the two temperatures. 




Fig. 5 


Fio. 4. 4*Ls (calorics per mole of cadmium iodide) va. m>'> at 15° and 25°C. for aqueous 
cadmium iodide solutions at extreme dilutions. 

Fig. 5. 3>L 2 (calories per mole of cadmium chloride) vs. m l/2 at 15° and 25 C. for aqueous 
cadmium chloride solutions. Dashed lines represent the Debye Huckel limiting law for 
the two temperatures. 


heats of dilution to the <i>U values for the various final concentrations. The 
resulting are represented graphically in figures 2, 3, 4, 5, 6, and 7. 

Values for the relative apparent molal heat contents at several rounded con¬ 
centrations are displayed in table 3. We estimate the uncertainty of the calori¬ 
metric s to be for cadmium chloride 10 calories per mole, for cadmium 
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bromide 5 calories per mole, and for cadmium iodide 15 calories per mole, of 
which the greater portion is due to the extrapolation. 


C. Evaluation of the relative partial molal heat contents , heat capacities , and 

entropies 

Using mechanically determined slopes obtained from large-scale plots of 4>L 2 
versus m 1/2 , values for L 2 , the relative partial molal heat content, were calculated 
by conventional methods (19). These values are compared with the results of 
e.m.f. studies in figures 8 to 10. Also included in table 3 are values for L 2 
at several rounded concentrations. 

Figure 8 shows that the ZVs for cadmium chloride (11) are in considerable 
disagreement below 0.01 m. Above this concentration there is a constant differ¬ 
ence of approximately 375 calories. The estimated uncertainties in the calori¬ 
metric ZVs are 15 calories per mole. According to Harned (12, 13) a precision 
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Fig. 7 


Fig. 6. <t>L 2 (calories per mole of cadmium bromide) vs. m 1/3 at 15° and 25°C. for aqueous 
cadmium bromide solutions. 

Fig. 7. <I>/v 2 (calories per mole of cadmium iodide) vs. m 112 at 15° and 25°C. for aqueous 
cadmium iodide solutions. 


of 30 to 50 calories per mole is about as good as can be expected for the e.m.f. 
L 2 s, so that if we accept this as a proper estimate of the reliability of the ZVs 
for cadmium chloride (Harned and Fitzgerald do not give an estimate of the 
precision of their results), the above-mentioned discrepancies are considerably 
outside the limit of error of the two methods. Harned (10) has indicated the 
superiority of the calorimetric method for determining heat contents and has 
pointed out that if “electromotive forces yield results which agree closely with 
those determined calorirnetrically, we have further evidence of their (the electro¬ 
motive methods’) fundamental validity.” For some other cases (22) in which 
disagreement is similar in nature to the above-mentioned, the constant error has 
been attributed to difficulties in a proper extrapolation of the e.m.f. data and 
the behavior at low concentrations thought to imply a concentration region 
too dilute for proper operation of the cells. It is likely that a similar explana¬ 
tion is appropriate here. 
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Figure 9 shows that the Lt’s for cadmium bromide (1) are, at high concentra¬ 
tions, in agreement within the limit of error of the two methods. However, 
below 0.01 m the discrepancies are larger than could be accounted for on the 
basis of the uncertainties assigned to the calorimetric ZVs (5 calories per mole) 

TABLE 3 


Relative apparent and relative partial molal heat contents of aqueous cadmium halide 

solutions 


m 

&Lt 

Lt 


25°C. | 

15°C. 

25°C. 

1ST. 

Cadmium chloride 

moles per \ 

kilogram of water 

calories per mole of salt 

calories per mole of salt 

0.0001 

45 

31 

67 

47 

0.0005 

105 

74 

157 

112 

0.001 

152 

107 

232 

162 

0.005 

411 

247 

634 

362 

0.01 

563 

338 

76!) 

472 

0.05 

833 

576 

993 

702 

0.1 

948 

660 

1134 

778 

0.2 

1095 

740 

1323 

860 


Cadmium bromide 


0.0001 

6.9 

0.3 5.9 

-4.0 

0.0005 

1.4 

-32.4 -7.2 

-74.3 

0.001 

-6.8 

-68.6 - 23.0 

-134 

0.005 

-64.1 

-228 -107.8 

-343 

0.01 

-94.5 

-302 -131.4 

-414 

0.05 

-138.0 

-462 -127.5 

-540 

0.1 

-110.2 

-513 -70.1 

-591 

0.2 

-72.8 

-569 - 8.6 

-639 

0.4 

-35.0 

-619 -5.0 

-686 

0.8 

-36.0 

-71.2 


Cadmium iodide 

0.0001 

-89 

-179 -157 

! —287 

0.0005 

I -323 

-499 - 564 | 

-819 


0.001 —514 —747 -828 -1148 

0 005 -1147 -1556 -1587 - 2165 

0 oi -1463 -1990 -1941 -2622 

0 05 - 2305 - 3058 - 2789 - 3700 

0 i -2636 - 3480 - 3108 - 4074 


and may indicate a certain amount of unreliability in the behavior of cadmium 
bromide cells below 0.01_ra. 

Figure 10 shows the U s for cadmium iodide (2) solutions. Here again, at 
high concentrations there seems to be a constant error which is larger than could 
be accounted for by the uncertainties in the calorimetric method (about 20 
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calories per mole) and suggests the possibility of an improper extrapolation of 
the b.m.f. data. 

Average values for the relative partial molal heat capacities of the solutes, 
C Pt ~ @°Pt > between 15°C. and 25°C., are shown in figure 11 and compared with 
the results of e.m.f. measurements. 

These curves reveal a poorer agreement than has heretofore been obtained for 
strong electrolytes. We estimate the calorimetric heat capacities to be in error 
by not more than 3 to 4 calories per degree. Since the electrometric values 



Fia. 8 Fig. 9 


Fig. 8. L 2 (calorics per mole of cadmium chloride) vs. m 1/2 at 15° and 25°C. Dashed 
curve shows e.m.f. results of Harned and Fitzgerald (11) at 25°C. 

Fig. 9. L% (calories per mole of cadmium bromide) vs. m lli at 15° and 25°C. Dashed 
curve shows the e.m.f. results of Bates (1) at 25°C. 



Fig. 10. L* (calories per mole of cadmium iodide) vs. m lli at 15° and 25°C. Dashed 
curve shows the e.m.f. results of Bates (2) at 25°C. 

depend on the second derivative of e.m.f. with temperature, great precision for 
them is not to be expected. However, the deviations, especially at high con¬ 
centrations, appear to be greater than could be accounted for by the combined 
uncertainties of the two determinations and hence imply the existence of some 
undetermined systematic errors in one or both types of measurements. 

We have also computed values for S 2 — S 2 , the relative partial molal en¬ 
tropies of the solutes, employing activity coefficient values obtained by Harned, 
Bates, and others (1, 2, 11) from cell measurements. The curves shown in 
figure 12 represent only the non-ideal part of the entropies; they do not include 
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the ideal entropy of mixing and thus go to a zero value at infinite dilution 
instead of to infinity. Also included in figure 12 is the non-ideal entropy for 
calcium chloride, calculated using activity coefficients from the e.m.f. measure¬ 
ments of Scatchard and Tefft (21) and L 2 values from the heat of dilution data 
of Lange and Streeck (16). A comparison of calcium chloride and cadmium 
chloride seems interesting, since the crystal radii of the two cations are nearly 
the same and therefore, presumably, at least at infinite dilution, their effect on 
the polarization of surrounding water molecules should be nearly equal. 

IV. DISCUSSION OF RESULTS 

The abnormalities of solutions of the cadmium halides have long been a sub¬ 
ject of interest (see reference 1, footnote 3, and reference 2, footnotes 2 to 6). 
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Fig. 11 . C PJ — C% (calories per mole per degree) vs. m lt2 for aqueous cadmium halide 
solutions and e.m.f. results (1,2, 11). 

Fig. 12. S 2 — (calories per mole per degree) vs. m l/2 for aqueous solutions of cadmium 
halides and calcium chloride at 25°C. 


All indications point to the existence of ion association in these solutions, 
although the nature and concentrations of the complex species are in general 
unknown. The thermochemical data presented in this paper seem to confirm 
the general suspicions harbored concerning these solutions. 

Compared with other electrolytes of the same valence type, the <f>L 2 values 
are unusually negative for cadmium bromide and cadmium iodide and unusually 
positive for cadmium chloride. Since it has been shown, independent of any 
assumptions regarding ion association, that there is a fair indication of approach 
to the limiting law for these three salts, it seems plausible to attribute at least a 
part of the abnormalities to a heat of dissociation as a concentrated solution ip 
diluted. This would mean that the heat of dissociation is positive for cadmium 
bromide and particularly so for cadmium iodide and negative for cadmium 
chloride. 
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The relative partial molal heat capacities are unusually high for these salts, 
particularly when compared with the values for a strong electrolyte of the same 
valence type (9, 22). The shape of the curves is also unusual. After an initial 
steep rise with ra l/2 , the curves flatten out and become concave toward the m m 
axis. It might be mentioned that the heat capacities of cadmium sulfate (4) 
show a similar trend. For most strong electrolytes the curves are approximately 
linear with m 1/2 up to concentrations of several molal and do not differ greatly 
from the limiting law. The extra heat capacities of the cadmium halides could 
be interpreted as due to a heat absorbed by the association change which takes 
place as a solution is heated. The shape of the curves suggests a resemblance 
to the trend of da/dm with m (a is the degree of dissociation), the steep portion 
of the curve corresponding to the concentration region wherein the degree of 
dissociation changes most rapidly with m. If this interpretation were correct, 
it would indicate the largest degree of association for cadmium iodide and the 
least for cadmium chloride. This is also the order indicated by the apparent 
heat contents. 

Examination of the partial molal entropies of strong electrolyte solutions by 
Frank and Robinson (5) disclosed that for a given cation the order of Sa — /§2 
is C1"“ > Br~ > I - and all deviations from the limiting law are negative. Assum¬ 
ing complete dissociation for the alkali-metal halides, this order and a part of 
the deviations were interpreted as an extra orienting effect which an ion can 
exert on its water envelope. This extra orienting effect is due to the progressive 
weakening of the total water structure produced by ions unable to fit smoothly 
into this structure and the consequent enhanced ability of the ions to form a 
well-ordered envelope of water. Iodide ion effects the maximum disturbance of 
the water structure for the alkali halides. The same order is found for the 
entropies of the cadmium halides. 

To consider the possible effects of association we compare the partial molal 
entropies of cadmium chloride and calcium chloride, the cations of which are of 
about the same size. Data arc not available for a similar comparison of the 
other halides. From figure 12 we observe that the cadmium chloride entropies 
are more positive. This extra entropy could be considered, in terms of this 
discussion, as due principally to extra entropy returned to the water envelope 
when a pair of ions associates and releases some envelope water. 

v. SUMMARY 

Heats of dilution of aqueous cadmium chloride, bromide, and iodide have 
been studied at 15° and 25°C. over a concentration range extending from about 
0.0001 m (0.00002 m for cadmium iodide) up to several tenths rn (0.1 m for 
cadmium iodide). Using the chord area method in the extremely dilute range, 
the measurements have been extrapolated to infinite dilution to obtain values 
for the relative apparent molal heat contents. 

Relative partial molal heat contents, heat capacities, and entropies (non-ideal 
part) have been evaluated for the concentration range studied. 

Qualitatively, approach to the limiting law is indicated for all cases studied. 
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The one case for which the precision in the extremely dilute range seemed suffi¬ 
ciently high to justify quantitative comparison with theory, viz., that of cad¬ 
mium bromide at 15°C., gave an experimental limiting slope of 1307 ± 1020, 
which agrees with the theoretical limiting slope (2014) within the limit of error. 

Comparison of thermal properties of the solutions with the corresponding 
quantities derived from cell measurements reveals deviations which are in 
most cases larger than could be accounted for by the stated precisions of the 
measurements. This emphasizes the great difficulties involved in obtaining 
precise thermal data from cell measurements, particularly for weak elect] olytes. 

The thermal properties of the cadmium halide solutions are consistent with 
existing views regarding the presence of particles in the solutions other than the 
simple anions and cations. Accepting the suggestion that the slow approach of 
these salts to limiting behavior is to be attributed to incomplete dissociation, 
the conclusion is reached that dissociation decreases from the chloride to the 
bromide to the iodide. 
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A convenient system of representing thermodynamic data for salt solutions 
is described, in which: (1) the Debye k is taken proportional to the ionic strength 
per unit volume of solvent; (2) the Debye limiting law is expressed as an analytical 
function of the temperature; (3) the mean collision diameter a is taken inversely 
proportion to y at constant composition; (4) the function 

Z = 1 -j- tea — l — 2 In (l + *a)/(ica) 1 * 3 4 

1 4 “ KU 

is presented in a table of Z vs. g = *«/(! -f xa); (5) the deviations from the Debye- 
Htickel approximation arc treated as an apparent association, with the constant 
determined to agree with analytical methods for the term proportional to the ionic 
strength; (6) the calculation of association, either electrostatic or chemical, is 
made on the assumption that short-range forces are independent of the association; 

(7) deviations from these relations are expressed graphically, as deviations from a 
power series in the concentrations. 

The methods are illustrated for aqueous solutions of sodium chloride and of 
sulfuric acid. 

The Debye-Hiickel limiting law for the electrostatic interaction of ions de¬ 
pends upon the interaction of ions which arc very far apart, and so may be 
related to the charge on the ions and the macroscopic properties of the solvent 
without any necessity for a detailed model of ion or of solvent. The rest of the 
Debye-Hiickel expression arises from the interactions of molecules which are 
.close together and does depend largely upon the details of the models of the 
ions and the solvent. The models usually used do not correspond very closely 
to most of the solutions to which they arc applied. The differences between 
the models and real solutions lead to deviations from the theoretical equations 
for simple models which begin with the first power of the concentration. We 
therefore propose that smoothing of the measured properties and calculation of 
other properties from them be carried out by the use of convenient functions 
which represent the limiting law exactly and change with the concentration 
approximately as the functions for simple models, but which do not pretend to 
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represent these properties exactly beyond the limiting law. Any errors due to 
these approximations will be grouped with the deviations which arise from the 
inadequacies of the simple models. This procedure is equivalent to choosing 
a model which differs from the simple one in a way which leads to only slight 
differences in behavior, although it differs in a way which cannot be pictured 
by a simple change in the model. 

This proposal must not be interpreted as a recommendation to abandon 
attempts to determine the properties of more complicated models. It is our 
belief that further progress in the theory can come only through such attempts. 
One of the easiest ways to check such theories will be to compare the results of 
the theories with the experimental results smoothed by our methods. 

We express the function k in terms of moles per unit quantity of solvent 
rather than moles per unit volume of solution: 

x = p 0 2iNiZ 2 i/DoR TwoN 0 ) 1/2 = (^Vpop/lOOODoRT) 112 (1) 

in which « is the charge on the proton, n is Avogadro’s number, R is the gas 
constant per mole, T is the absolute temperature, Ni is the number of moles 
of the 2 th species and z t its valence, No is the number of moles of solvent of 
molecular weight w 0 , density p 0 , and dielectric constant D 0 , and p is the ionic 
strength in moles per kilogram of solvent, l0002iNiZ 2 i/2woNo- This procedure 
has been followed in our laboratory for several years. It has been justified 
theoretically (25) in that it corresponds to the dielectric constant of the solution 
being proportional to the concentration of the solvent. To make k propor¬ 
tional to the concentration in moles per liter of solution, which is the assumption 
usually made, it is necessary to assume that the dielectric constant is inde¬ 
pendent of the electrolyte concentration. For most electrolytes the assumption 
which leads to weight molal concentrations is much more probable than the 
other one. A still more cogent argument is the pragmatic one that the thermo¬ 
dynamic functions may thus be expressed directly in terms of temperature, 
pressure, and quantities of the components. 

We express the limiting-law ratios of the logarithm of the activity coefficient 
to the square root of the ionic strength directly as a power series of the tem¬ 
perature. Since the smoothing of the density and the dielectric constant are 
empirical, there is no theoretical argument for or against the expression of 
(po/7 t 3 D5) 1/2 as a simple power series in t. There is a very great practical ad¬ 
vantage in a simple analytical expression for the quantity which is the basis of 
our calculations. Using T = 273.16°C., n = 6.021 X 10 23 , c = 4.805 X 10~ 10 
e.s.u., RT = 2.2711 X 10 10 ergs (2), the density of water from the International 
Critical Tables , and the dielectric constants of Wyman and Ingalls (31), we 
obtain for water at 1 atm. pressure 

- 1 "- 7 * = 1.1254 [l + 0.15471«/100) + 0.03569(</100) 2 + 0.02389(</100) 3 ] (2) 

V/t 
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in which 7 * is the activity coefficient of the k ih species and t is the Centigrade 
temperature. We are also interested in 

1 

-j 7 * = 3.472 X 10 -8 [1 + 0.10194(//100) 

+ 0.04269(//i()0) 2 + 0.00976(//100) 3 ] (3) 

and 

k/Vm = 0.3241 X 10 8 |1 + 0.05217(^100) 

= 0.00916(//100) 2 + 0.00888(//l 00) 3 ] (4) 

The maximum deviation of equations 2 and 3 from the value calculated from 
the density and Wyman’s value of the dielectric constant at each temperature 
is 0.02 per cent, and the average of the absolute values of the deviations is 0.01 
per cent. For equation 4 the maximum deviation is less than 0.005 per cent. 
The equations are consistent to a maximum error of 0.014 per cent, but there 
is no need for using all three together. If more than equation 2 is used, the 
more convenient of equations 3 and 4 should be chosen. 

The relation of dielectric constant to pressure has not been measured accu¬ 
rately enough to warrant an equation for this relation. Probably the best 
approximation we can make at present is that, at constant temperature, the 
dielectric constant is proportional to the density. If this relation is exact, 
k/\/m is independent of the pressure, and equations 2 or 3 may be made to 
apply at various pressures by multiplying the right-hand member of each by 
Pop/poi , in which po P is the density of water at the pressure p and p 0 1 is the density 
at 1 atm. pressure. Redlich’s method of obtaining the coefficients of equa¬ 
tions 2 and 3 is discussed later. 

We assume that the collision diameter a varies with the temperature as 
D 0 T/po , so that the product na is independent of the temperature and the 
pressure. If the dielectric constant of the solvent is proportional to its density 
at constant temperature this proposal assumes that a is independent of the 
pressure; this is strictly consistent with the assumptions made in the derivation 
of the Debye equations. However, there is a variation of a with the tempera¬ 
ture which is not consistent with these assumptions. The assumed decrease in 
size is only 5 per cent for water from 0° to 100°C. and real ions are neither 
spherical nor rigid, so that the effective collision diameters of real ions should 
decrease with the temperature. However, our justification is the pragmatic 
one that this proposal, together with the first, makes the electrostatic contribu¬ 
tion to the free energy a function of the temperature and pressure multiplied 
by a function of the quantities of the components. The practical advantage is 
very great. The contribution to any ‘‘total” thermodynamic function has the 
same form as the contribution to the total free energy; the contribution to any 
“partial” quantity of an electrolyte solute has the same form as the contribution 
to the partial free energy, or chemical potential, of that solute; and the contribu- 
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tion to any partial quantity of the solvent has the same form as the contribution 
to the chemical potential of the solvent. If G f be taken as the symbol for the 
electrostatic contribution to any thermodynamic property, these assumptions 
make 

& = (g/a)zlx/( 1 + x) = ( g/a)z\y (5) 

in which x = ko = a’\/n, and y = x/(l + x), and g is defined by this equation. 
The appropriate value of g for each property may be determined from equation 
5 with equation 2 and the corresponding relation to the pressure, since all the 
thermodynamic functions may be determined from F expressed as a function 
of T y j)y and the iWs. Then 


G' = (g/a^iNrfiy - Z) 

(6) 

and 


Go = - (g/a)2 t N t z]Z/N 0 

(7) 

Z = [1 + x - 1/(1 + x) - 2 In (1 + x)]/x* 



= x/3 - 2 x 2 /4 + 3x s /5 - 4x/6 + ■ - • (8) 

= [1 - V “ (1 - vY + 2 (1 ~ V) ^ (1 - y)]/y 

= y/ 3 - y/G - 2/715 - y730 - • • • (9) 


We determine Z of equations 6 and 7 from a table of Z vs. y. For small 
values of x the logarithm cannot be determined accurately enough for the direct 
determination of Z, but Z may be determined from the power series of equation 8 
or that of equation 9. That of equation 9 has the advantage in dilute solu¬ 
tions that the convergence is much more rapid. The use of y as the independent 
variable has the much more important advantage that y approaches unity as x 
approaches infinity. A table of Z vs. y with a hundred entries is sufficient to 
give Z to 0.001 by linear interpolation up to y = 0.95. The curve of Z vs. y 
is shown in figure 1 . In table 1 the value of y is the sum of the number at the 
head of the column and that at the left of the row, the upper entry in each 
square is the value of Z, and the lower (italicized) entry is the increment of Z 
for a change of 0.01 in y. 

In our early studies of electrolyte solutions we gave a the value zero for all 
electrolytes and so obtained from the theory only terms in the square root of 
the ionic strength multiplied by a constant or by integral powers of the concen¬ 
tration of any non-electrolyte solute (23, 24). This method is quite satisfactory 
for uni-univalent electrolytes at ionic strengths less than unity, and we were 
able to reproduce our measurements accurately with a five-term series of the form 

(F F*)/RT = 2 , W,[ln (Ni/woNTo) - 1 + Az\yfv\ 

+ 2 + Ci j\Z r fi)NiN j/woN o 

+ Zijk(Dijk + Ei jh\/ y^NiNjNk/ (wqN o ) 2 ( 10 ) 
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More recently (26) we have taken a' equal to unity for all electrolytes. Guggen¬ 
heim (8) has suggested that with this value of a', one additional term propor¬ 
tional to m is sufficient to represent the measurements up to an ionic strength 
of 0.1 M. We find very little advantage in using «' as unity rather than zero 
up to 1 M, and for higher concentrations there is a great advantage in choosing 
a! to fit the data. 

Guggenheim and Wiseman (8, 9) have also claimed that the term in log y 
proportional to m “hardly varies with the temperature,” which would require 
that thp corresponding term in the heat of dilution he nearly zero. This is true 
for hydrochloric acid, as they point out, hut it is not true in general. They 
criticize the freezing-point measurements of Scatchard and Prentiss (22) on 
aqueous potassium chloride solutions because 1 the value they yield for the coeffi¬ 
cient of this term, which Guggenheim calls X, differs from that obtained from 
electromotive-force measurements at higher temperatures more than the value 



Fig. 1. Debye function A vs. y 

yielded by earlier freezing-point measurements, from the heat of dilution 
measurements of Lange and Leighton (18), we obtain for d\/dt 0.00156 at 
12.5°C. and 0.00110 at 25°C. The use of this quantity requires the use of the 
limiting law, which varies with the temperature like equation 2 rather than the 
approximate values of Guggenheim. This gives X = 0.077 at 20 G. from the 
measurements of Giintelbcrg (11) and X = 0.099 at 25°C. from the measure¬ 
ments of Shedlovsky and Maclnnes (28). At 0°C. the freezing-point measure¬ 
ments of Scatchard and Prentiss yielded 0.056, and earlier freezing-point 
measurements gave 0.083. The assumption that the value of dX/d t at 12.5 C. 
is the average from 0° to 20°C. and from 0° to 25°C. gives X at 0°C. from the 
electromotive-force measurements as 0.046 and 0.060. The agreement with 
the freezing-point measurements of Scatchard and Prentiss is excellent. 

To determine the proper size from measurements of the osmotic coefficient. 


A</> = <f> + (A/a')Z a ' + b'm 
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against m, choosing b' so that A<f> is approximately zero for the most concen¬ 
trated solution. For a single electrolyte , if Z- be taken 

as negative. The procedure is illustrated for the measurements of the freezing 
points of aqueous sodium chloride solutions (22) in figure 2, where A</> is plotted 

TABLK 1* 

Values of the Debye f unction , Z 

1 1 j ; ! 1 

! y j 0 0.10 0.20 0.30 | 0.40 ; 0 50 | 0.00 0.70 j 0.80 ! 0.90 

y 

0.0 0.000<X){<).03160 0.05941 0.08287 0 .101290.11371 jo. 118854). 11487 <).09882!o.06537 
832 290 25* j 209 152. 86] 5\ -100 -244 -1,67 

0.0 

0.01 0.00332 0.0345fijo. (Klioojo. 084960 10281 ( 1 .11457.0.11890 0.11337,0.09638 0.06070 
828 203 261 j 203: 11,7] 80\ -If. -U2\ -26V -49S 

0.01 

0.02 jo. 00660 ().03748[o.004474).08699 0.104280.11537 0 .11880 0 . 11 275 0 .09377 0.05572 
j 825 288j 24«j /07 11,1\ 72| -14\ -125 j -280 - 581 

0.02 

0.03 0.00985 0 040304). 00693 0.08890 0.10500 0.11009 0.11872 0.11150 0.09097 0.05041 
821 284 842 198 1841 fd -23 -138 - 299\ -667 

0.03 

i j i j 

o .04 o. oi :m o. 04:120 0.00035 0 . oooso 0 . 1070 : 10 . 1107 : 10.1 is 10 0.11012 0 . os7os 0.04474 

! 318 281 237 187 j 128 1 56\ -34\ -I5i\ -320\ -607 

0.04 

0.05 0.01621 0.04001 0.071724).0927oj() 108314). 117290.118150.108604).0S47S0.03867 
314 876 233 /82j 122 ! 48 -44 j -165] -341 -651 

0.05 

0.06 0.019380.04877 0.074a r )]o.09458.0.109534). 11777:0.11771 0 .106954).08137 0 .03216 
311 272i 228j 17fi\ 115. 46 -54 j -180 1 -383 -7 01 

0.06 

0.07 0.02249 0.051494) 07033 l ().()96310.110680.113170.117170.10515 0 07774 0.02515 
307 268] 223 17l\ 108 31, -66; -196 ! -387' -769 

I ! ... 1 1 ' III 

0.07 

0.08 0.02556 0.05417 0.07856 0.09805 0.11176 0.11848 0.11651 0.103204). 07387 0.01756 
j 804 264 j 2/8 166\ 101 : 231 -77; -2//j -412 -880 

0.08 

0.09 jo. 028600 .05681 ! 0.08074 0.09970 0.11277 0.118710 11575 0.101094).0697s!o.00926 
j 300 260. 2/Sj 169] 91, 14 -88' -227 -488] -926 

0.09 

0.10 4).031604).059414).082870.101290.113710.118850.114870.098820.065370.00000 

1 | 1 '.II 

n.w; 

y 4).00000' 0.10 1 0.20 1 0.30 ' 0.40 I 0.50 : 0.60 i 0.70 j 0.80 j 0.90 i y j 

1 1 1 1 i ■ ' ■ 1 - ; j 

* y is the sum of the number at the top or bottom of the column and that at the side of 
the row. Z is the main entry. 

The change in Z for a change of 0.01 in y is the lower (italicized) entry. 

for a' equal to 1.0, 1.3, and 1.55, with b ' equal to 0.0378, 0.0160, and 0.0029. 
The three curves correspond to the saihe values of <t>. The experimental points 
are shown only above 0.05 as those at lower concentrations cluster so closely 

that they confuse the picture. For o' equal to unity, the curve shows a high 
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maximum. As a' decreases, the maximum becomes lower and shifts to smaller 
concentrations, and an inflection, which is outside the range of these measure¬ 
ments for o' = 1, also shifts to lower concentrations. We try to choose the 
smallest value of o' which will give neither maximum nor inflection in dilute 
solutions. Our choice from these measurements is the lower curve with 
o' = 1.55. It is often possible to choose a' so that A<f> may be represented by a 
quadratic in m, but we have had little success with attempts to reduce it to a 
linear term as in the Hiickel equation. In the present case the smallest de¬ 
viations from the Hiickel equation would occur with a' about 1.3, which 
corresponds to the middle curve. Since any change in a ' will increase the 
deviations in either dilute or concentrated solutions, both of which are already 
considerably greater than the scatter of the measurements, no choice of a! will 
represent these measurements within their apparent accuracy. 




Fig. 2 Fig. 3 

Fig. 2. Deviation function for osmotic coefficient of sodium chloride for various sizes 
Fig. 3. Deviation function for osmotic coefficient of sodium chloride 


We illustrate our method of handling the measurements with various prop¬ 
erties of aqueous solutions of sodium chloride. In figure 3, the osmotic coeffi¬ 
cient is represented by equation 11 with a' = 1.55 and V = 0.00. This value 
of 6' is chosen to make A</> approximately zero for saturated sodium chloride 
solutions at 25°C. The experimental values are the freezing-point measure¬ 
ments of Scatchard and Prentiss (22), the smoothed curve of Scatchard, Hamer, 
and Wood (26) at 25°C., and the boiling-point measurements of Smith (29) 
and of Smith and Hirtle (30) at higher temperatures. It is obvious that A <t> 
must pass through a maximum between 25° and 60°C. 

Figure 4 shows the activity coefficients of sodium chloride from the electro- 
motive-force measurements of Harned and Nims (13), expreased as 


A log 7 = log 7 + 0.4343 [(A/l.6S)y\ M — 0.12m] 


( 12 ) 
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This is the type of equation which we would use to determine the size of a' 
from measurements which yielded the activity of the electrolyte, but in this 
case we have used the value of a' already determined, and the 0 . 12 m is obtained 
from the 0.06m for the osmotic coefficient. 

Figure 5 shows the heat of dilution of sodium chloride from the measurements 
of Gulbransen and Robinson ( 10 ) and of Lipsett, Johnson, and Maas (19), 
expressed as 

A (Il/m) = (// - II*)/m - (2RT/l.55)(dA/dT)(y iM - Z lM ) + 140m (13) 

If the value of a' were not chosen the same as for the measurements of the 
freezing points, we would use an equation of the type of equation 13 to deter¬ 
mine an appropriate value. The term proportional to m is again chosen to give 


•002 

-004 
A LOG r 
-000 


-006 


Fio. 4. Deviation function for logarithm () f activity coefficient of sodium chloride 
Fia. 5. Deviation function for molal heat of dilution of sodium chloride 

a very small deviation for the most concentrated solution at 25°C. The de¬ 
crease in A (II/m) with increasing temperature corresponds to the behavior of 
A <f> and of A log 7 , for A (II/m) must be zero when the other two pass through 
maxima. 

Figure 6 shows the apparent molal volumes of aqueous sodium chloride solu¬ 
tions at 25°C. from the measurements of Baxter and Wallace ( 1 ), of Geffcken 
( 6 ), and of Geffcken, Beckmann, and Kruis ( 6 ), expressed as 

A<f>„ = - (2RTpA / 1 .55) (yi .* - Z 1M ) - 0.6m 

= - 1.665(2/i. w - Zim) - 0 . 6 m (14) 

in which p is the compressibility. The term 0 . 6 m is again chosen to make the 
deviation approximately zero for the most concentrated solution. The coeffi¬ 
cient of the first term corresponds to the assumption that the dielectric constant 
is proportional to the concentration of water at constant temperature. This 
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leads to a limiting law 7.5 per cent smaller than that determined by Redlich (23) 
from the apparent volumes of sodium and potassium chlorides and bromides. 
Dr. Redlich and the authors agree that the available volume measurements are 
not quite sufficient to furnish an unquestionable decision between the two, and 
we are not proposing a revision of his value. For our present purpose, how¬ 
ever, we consider a value given by an approximate assumption preferable to 
one obtained from the volume measurements themselves. 

In the ease of the apparent molal volumes, the form we have chosen for the 
electrostatic term is not helpful, for the deviation from the limiting law is 
smaller than that from our expression, and it may be represented more closely 
by a term linear in m. 



Fia. 6. Deviation function for apparent molal volume of sodium chloride 

A<J>„; = <!>„, - *RT0A Vm -0.1 m = <t>„, - 1.72 V» - 0.1m (15) 

The corresponding function for Redlich\s treatment is 

M>* 3 " = <!>,, - l My/m ( 16 ) 

Up tom = 0.4, it is a horizontal line at 16.61, which is 0.02 cc. per mole smaller 
than the intercept of our curves. 

If there is association of a considerable fraction of the ions, the deviations 
corresponding to figures 2 to 6 will be large and the curves will be complex. It 
is possible to obtain a much more accurate interpolation by taking the associa¬ 
tion into account. Before discussing the treatment of association, we note that 
it is not possible to distinguish experimentally between chemical association and 
that part of the electrostatic interaction which is neglected in the Debyc- 
Hiickel approximation, and which is called ‘‘electrostatic association” by 
Bjerrum and the “higher term correction” by La Mer and Cronwall, except 
in the case that the effect is so large that it leads to an unreasonably small 
distance a when calculated as an electrostatic effect. We believe that the calcu¬ 
lation by the law of mass action affords the most satisfactory treatment of the 
higher term effect. Why is the analytical method of La Mer and Gronwail 
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(7,17) not entirely satisfactory? Their result is given as the first terms in an 
infinite power series in (— ZiZ# /DkT), and partially as the first terms in infinite 
power series in kcl. The computation of any further terms would require con¬ 
siderable labor. Moreover, the result would be uncertain because the condi¬ 
tions of integrability are violated and the value calculated for the work of 
charging the ions reversibly depends upon the method of adding the charge 
(15, 20). The conditions of integrability are satisfied for terms in the electrical 
potential containing the first power of ( — z&it /DkT), which is the Debye- 
Hiickel approximation. They are also satisfied for terms containing the first 
power of (icV), and it is this fact which we utilize. The uncertainty introduced 
by the violation of these conditions apparently becomes more serious as the 
exponents of ( — z t Zi*/DkT ) and of (kV) increase. 

The method of Bjerrum (3), on the other hand, suffers from the arbitrary 
choice of the distance ( — z x Zii /2DkT) in the calculation of the association con¬ 
stant. Bjerrum’s expression of the equilibrium constant of the reaction. 

A + B = AB 

which need not be limited to the case in which the valence of the product AB 
is zero, is 


^AB — 

4ttN fz A Z B t V q 

1000 \ I)kT ) Ab 

07) 


r b ab p l 


Qab = 

!, 

(18) 

^AB = 

— z A Zb*/D hTa A u 

(19) 


This equation is used only if b A B is more positive than 2. If fr AB is more nega¬ 
tive than 2, K A B is assumed to be zero. 

We choose the value of A' ab so as to fit precisely the analytical expression for 
the term proportional to the ionic strength. This is the logical extension of the 
method we use for the Debye-Hiickel approximation, and it avoids the diffi¬ 
culties of the violation of the conditions of integrability and of the arbitrary 
distance. To evaluate the constant we use the expression of Kirkwood 6 for the 
term in the logarithm of the activity coefficient proportional to the ionic strength. 

Kab = ~ \<m(^DkT ) [/?AB “ (/ * AA + 7 * bb)/2] (20) 

B* = jp 1 -l- e/2 - e/G) d< 

- {&;*&(&*) - In b jk - Co - e 6 ’*[2 + b lk + b) k ] 

+ [2 + 3 bik + 3 b% + llb%/6]}/6 b ik (21) 

1 Private communication from J. G. Kirkwood. We are very grateful to Professor Kirk¬ 
wood for calculating these terms from the general expression given by him (16) and for 
computing the B’s in table 2. It should be noted, however, that our use of them to calculate 
the association constant is not the same as his method of calculating that constant. 
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Co = 0.5772 (Euler's constant). Some values of Bjk and of Q# are given in 
table 2 . 

The constant of equation 20 is finite and positive for all values of 6 AB . For 
small values it is proportional to 6 AB . For larger values it is slightly smaller 
than the Bjerrum constant. For symmetrical electrolytes, the ratio of our 
constant to that of Bjerrum is the sum of the third and fifth columns of table 2 
divided by the second column. For unsymmetrical electrolytes, which are dis¬ 
cussed later, our constant is increased, but only by an amount which is small 
relative to the difference from Bjerrum’s constant. Our constant should be 
slightly smaller than his to yield the same values of log 7 , for our method gives 
a more negative value for the Debye-Huckel term, since we use the size a and 
Bjerrum uses ab/2. The relative difference between the two constants is very 
small except in the range of small values of b AB where the Bjerrum treatment is 
unsatisfactory. 


TABLE 2 

Some values of Qjk and of ttjk 


h i * 

Qik 

Bjk 

-bjk 


1 


0.046 

1 

0.037 

2 

0.000 

0.105 

2 

0.069 

3 

0.325 

0.181 

3 

0.097 

4 

0.550 

0.285 

4 

0.120 

5 

0.755 

0.414 

5 

0.141 

6 

1.041 

0.645 

6 

0.159 

7 

1.417 

0.979 

7 

0.176 

8 

1.996 

1.525 

8 

0.192 

9 

2.950 

2.450 

9 

0.206 

10 

4.547 

4.023 

10 

0.219 

12 

13.51 

12.84 

12 

0.242 

15 

101.8 

101.2 

15 

0.272 


If a is independent of the temperature, fc AB changes with the temperature as 
1/DqT; but if a’ is independent of the temperature, b An changes as (1 /D 0 T) 112 . 
A change in a AB leads to the same relative change in K for small values of & AB 
and to a more rapid relative change for larger values of b Ali . In addition, K is 
proportional to (l/D 0 T) z from the part outside the integral, so that most of the 
variation with temperature is independent of the behavior of b Ah . We there¬ 
fore keep o' independent of the temperature, as in the Debye-Huckel ap¬ 
proximation. 

The treatment of electrolytes of unsymmetrical valence type is complicated 
by the fact that the Debye-Hiickel term is not the only one which depends upon 
the action at large distances, but there is a second term which results from the 
fact that the ionic strength effective for a cation depends more upon the anions 
than upon the cations, and vice versa. Formally it arises from the third term 
in the expansion of the Boltzmann exponential, and it is zero if all the ions have 
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valences z or - z . By the Guntelberg-Mtiller charging process it leads to the 
following term in In 7 : 


In 


t / 2 \ 3 ^3 2 3 «a /•» —t 

= s(nU») ■ —.»«<*'>rx —uf M dt (22) 

b\DkT) ZiUiZi (1 + Ka) Z Jt+toa t* 


The Debye charging process leads to a somewhat smaller result, which differs 
from equation 22 by a power series in k beginning with k and In k times another 
power series in k beginning with k. The contribution to the osmotic coefficient 
which corresponds to equation 22 contains two similar power series. If we 
expand and retain only terms in k In k and in k beyond the Debye-Htickel 
approximation, we obtain by the Kirkwood method and the Debye charging 
process 


2 2 

€ Z k K 

2 DkT l + Kd 


4 3 

e z k 


6 (DkT)* 2 iUi z 


2 2 iUiZi 

t L. 


ln 3 Ka — Co 


+ 6Bik 


t 0 

( Zk K 
2l)kT 1 + ko 


4 _3 

« Zk 


a (DkT) 


2 

2 v K 2 2i?iiZ Z In 3xa — C 0 

"i Hi Z{ L 


— + 3 (Bn + 



c 


43 


(ftlcT 7 )'- 



2in.2flB.it - (B., + Bu)/2] 


(23)« 


The Guntelberg-Mtiller charging process gives a result which differs only by 
the omission of the term 1/12 in the first square bracket. Although it arises 
from the k In k term in the electrical potential, the difference is proportional 
to k. We prefer the Debye charging process, but the difference from the 
Guntelberg-Mtiller process is extremely small. This difference is probably an 
approximate measure of how much the activity coefficient is affected by the 
violation of the conditions of integrability in this term. The last term of the 
second form of equation 23 corresponds to the association constant of equation 
20 , and we treat more concentrated solutions by assuming association and deter¬ 
mining the activity coefficients of the ions from the first two terms of this 
equation with the n/s and k determined from the concentrations of the unasso¬ 
ciated ions. For symmetrical valence types n A z | = — n B z^ , so the second 
term vanishes in the summation. 

For unsymmetrical valence types w r e also take into account higher types of 
association, although they lead to no effect proportional to the concentration. 
As an example, for the series of reactions 

A f + B = AB““ 

A + + AB = AjB~ 

A + + A 2 B“ = AjB 


• If By* of equation 21 is expanded in an infinite power series in 6,* and the result is 
substituted in equation 23, the equation becomes equivalent to that obtained by Gronwall, 
La Mor, and Sandvcd (7). Kirkwood’s expression in a closed form gives a great advantage 
over the power series, which converges very slowly. 
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we calculate a constant for each, using the value of a determined to fit the first. 
We ignore the very small values of the constant for the association of two anions 
or two cations, such as 


B + AB" = ABr 


and compensate by replacing ( B t i + B kk ) in the second term by 2 B lk when i 
and k are both positive or both negative. If i — the third term vanishes 
automatically. 

In salt mixtures we determine K for each electrolyte from an appropriate 
value of a as though that electrolyte wore present alone, but use an average 
value, the same for all the ions, in the first two terms of equation 23. If a AA 
be taken equal to a AB in the calculation of A\ B , the association constant of A 
and B, but if it be taken equal to hi the calculation of /\ AB ', this may 
lead to different sizes of the ion A. In the second term the value of B xx corre¬ 
sponding to a AB should be used in the coefficient of n B , and the value of /? AA 
corresponding to a AB >, should be used in the coefficient of n ir . In the coeffi¬ 
cient of n A ', (B AA + B A 'A')/2 should be replaced by B AA > y which should be 
calculated from average values of (a AA + <i A ’a')/2 weighted according to the 
contribution of the terms containing these sizes to the chemical potentials. 

We calculate the effect of association, either electrostatic or chemical, by 
assuming that the non-electrostatic interactions do not affect, tin* association, or 
conversely, that the association does not affect the short-range interactions. 
One of us (27) has noted that the success of treating reaction kinetics by simple 
electrostatic theory depends upon the validity of this assumption in many cases. 
It is probable that many of the failures of the simple theory may be attributed 
to the failure of this assumption. We have practically no method of measuring 
the magnitude of these effects, and the assumption that they an* zero does load 
to great simplification. We thus divide the deviations into two parts: the 
electrostatic part which is calculated from the concentrations of the species 
assumed present, and the non-electrostatic part which is calculated from the 
stoichiometric concentrations of the component ions regardless of any reaction 
which may have occurred. 

We define the apparent constant /\ AB by the relations 


K 


AB 


(AB) 
(A) (B) 


= K 


AB 


7a7b 

7c 


(20 


If the logarithm of the activity of each ion is divided into an electrostatic part 
In y kg , given by the first line of the second form of equation 23 in terms of the 
species, and a non-electrostatic part given by a series of integral powers of the 
concentrations as 


In y k = In y ke + 22J3 k <mi + + • • • (25) 


we may state our last assumption as 

Pk£B = &A + ^*»AB — &kiA + e ^C* 


(26) 
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which leads to 

l n -Kab = l n -Kab + In 7a« + In y Be — In K ABe 
= ?.^ ZA2 ®y^ 4- 4 2 2 A 3„(2 A + Z B )22,m;Z? 

1 + a'V(i 

X j^ln 3a Vm - Co - ^ + 3ft< 

( 2 A + 2 n) 3 ^AB,AB — Z \^A\ — Zb#BB~| ^7) 

32 a zb (2 a + zb) J 

The second term of equation 27 vanishes if 2,m»z? = 0 or if z A + z B = 0, except 
for very small terms involving the differences in B’s for pairs of ions of the same 
kind. These terms may well be ignored. Then the second term vanishes if 
the solution is electrically symmetrical or if the product AB has zero valence. 

Computation by these equations is greatly simplified by the simple device 
of choosing as independent variable the ionic strength rather than the stoichio¬ 
metric concentration. If we denote by asterisks the stoichiometric concentra¬ 
tions and activity coefficients, and attribute the unstarred coefficients to the 
species 

In 7 * = In 7 * + In ( ?n k /m *) (28) 

and the mean activity coefficient of the electrolyte is determined as 

(29) 

in which the summation is carried only over the simple ions. The osmotic 
coefficient is 

<t>* = j(l - A/a'):]Z a > 

i 2 3 > 

- ‘ l2 2 * 2,m,z’ X [In 3a Vm + 1 - C a - ^ + 3(fl„ + 

-s- (22/wi*) + (22,*m* wi* 0,*)/(£, m*) -f 2:(S,«mf m * m* 6,u)/(~,im* mt) (30) 

in which m* is zero except for the component ions or neutral molecules. The 
simplest case is that of symmetrical electrolytes with but a single type of asso¬ 
ciation. Fixing the value of the ionic strength fixes the value of /v AB by equa¬ 
tion 27 if A'ab i s known, and it also fixes the concentration of each species of 
ions, so the concentration of the associated molecules is easily determined from 
equation 24. Any value of the stoichiometric concentration can be approxi¬ 
mated as closely as desired in a very short time. 

For unsymmetrical electrolytes it is necessary to choose trial values of as 
many concentrations as there are associations to be calculated and to find by 
trial and error the concentrations of the other species. For a single association 
this is not very difficult, and even for more complicated systems it will usually 
be possible to select species with concentrations so small that a large relative 
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change will have very little effect on the concentrations of the other species. 
The complications are increased because the value of /v AB , etc. depends upon 
the lack of symmetry of the solution as well as upon the ionic strength. This 
difficulty is not so serious as it appears. Although the number of equations to 
be satisfied is doubled, the work necessary to satisfy them is not increased 
so much. 

The calculations including association may be illustrated with sulfuric acid. 
The constant determined by Hamer (12) from measurements in sodium bisulfate- 
sodium sulfate mixtures is 82 and corresponds to an a of less than 0.7 by equa¬ 
tion 20. YVe may therefore assume that the association is not entirely electro¬ 
static, choose 1.5 as a reasonable value of a', and ignore the association to 
HoS() 4 . We choose as variable the ionic strength, g, and the sulfate-ion con¬ 
centration, which wo will call .r. The hydrogen-ion concentration is g — .r, 



Fm. 7 Fm. « 

Km. 7. Logarithm of activity coefficient of sulfuric acid minus term proportional to 

concentration 

Fig. 8. Osmotic coefficient of sulfuric acid minus term proportional to concentration 

the hydrosulfate ion concentration is /1 — 3x, the stoichiometric acid concen¬ 
tration is fx — 2 x, and 

Kiisoi “ 0 * 3x)/x(g x) (31) 

The second equation to be satisfied is 

log A-I.SO, + 1.9124 - 2.036 Vm/<1 + 1 .5Vi*) 

- 1(1.48 (log 4.5 Vm - 0.7887)* (32) 

For each value of n, x is varied until equations 31 and 32 yield the same value; 
of Ansor- T hen the activity coefficient and osmotic coefficient arc ol>- 
tained as 

log y* — [21og(/i — x) + logx — log4]/3 — log(#i — 2x) 

- 1.018 Vm/(1 + 1.5 Vm) - 5.403 [log 4.5 Vm “ 0.78871 * (33) 

, . x - 2.30311.018 Zi.i + 8.240(log 4.5\/ M - 0.3544)1 r 2 

<t> -2/3+ — 3(m — 2x) 
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The full curve in figure 7 represents equation 33. The broken line, with filled 
circle's to show its course where the two curves overlap, represents the measure¬ 
ments of Harned and Hamer (14) minus 0.1m. Up to 2 M the agreement is 
well within the thickness of the lines. The scale of this figure is, of course, 
much smaller than those in the preceding figures. The full line in figure 8 is the 
osmotic coefficient calculated from equation 23. The broken line is the smoothed 
</> of Scatehard, Hamer, and Wood (26) minus 0.11513m, and the circles repre¬ 
sent <f> minus 0.11513m from the vapor-pressure measurements of Collins (4) 
for solutions more concentrated than 4 M. The differences between the calcu¬ 
lated and measured values are apparent at lower concentrations than in the 
preceding figure, but they are small in dilute solutions. In spite of the complica¬ 
tions due to the unsymmetrical solution effect represented in equation 22 and 
to the apparent association, the method works very well up to high concentra¬ 
tions. This application to sulfuric acid includes all the proposals that we have 
made in tins paper. 
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Through the formation of complex ions of varying stability, the oxidation-reduc¬ 
tion potentials of metal ions can lx* altered greatly. This often leads to a “stabili¬ 
zation of the valence” of the (dement in either higher or lower states of oxidation. 
Many factors which may have a bearing upon this phenomenon are considered, 
but it is pointed out that no theory of structure of complex compounds has yet 
been projected which adequately explains all of the very numerous examples of 
stabilization. 


I. INTRODUCTION 

The phrase “stabilization of valences by coordination” is used frequently in 
reference to the* formation of ions in states of oxidation not ordinarily met in 
everyday laboratory practice. For example, silver salts may be oxidized to the 
divalent and trivalent states when coordinated with pyridine and analogous eom- 
TKHinds (3, 13, 15, 19, 25), and iron may be carried to states of oxidation of 4+ 
and b+ by anodic oxidation in alkaline solution (19). Cobalt ions exist or¬ 
dinarily in aqueous solution in the divalent state, but in the* well-known and 
stable ammines, cobalt is more* stable in oxidation states of 3+ and perhaps 
4+ (40). On the other hand, in the nitrosyl and carbonyl derivatives cobalt 
appears to exhibit oxidation numbers of —1 and 0 (5). Several studies have 
indicated that nickel (I, 0) and manganese (22) form complex cyanides in which 
tin* metals show quite unusual oxidation states. Coordination of the thermally 
unstable lead tetrachloride with two additional chloride ions, in hydrochloric 
acid solution, produces the much more stable hexachloroplumbatc(IV) ion. 

The hydroxide ion coordinates strongly with many metallic ions, especially 
those of higher valence. Consequently, we usually achieve the higher valence 

1 Presented at the Symposium on Elements in Unusual Valence States, which was held 
under the auspices of the Division of Physical and Inorganic Chemistry at the Ninety- 
eighth Meeting of the American Chemical Society, Boston, Massachusetts, September, 
1939. 
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states in alkaline solution (2). This tendency is doubtless furthered by the fact 
that the hydroxo complexes so formed lose water and arc acidic, thus generating 
oxo complexes: 

[Cr(H,()).P* -> [Cr(II 2 0)e] 6+ -> [Cr(()II) 4 p -> [Cr0 4 p- 

Carbon monoxide and nitric oxide always seem to stabilize the lower val¬ 
ences, and in the nitrosyls and carbonyls the metals appear in very low states 
of oxidation; in the volatile carbonyls and nitrosyls, in fact, the uncharged ele¬ 
ments themselves combine with carbon monoxide and nitric oxide to form com¬ 
pounds in which their state? of oxidation is zero. The non-volatile carbonyls are 
for the most part coordination compounds of carbon monoxide with salts in 
which the metal ion shows a low valence. Thus we have PtCl 2 -(C0) 2 , 
«uI 2 -fC())2, lr( 1 l 2 ((U)) 2 , PdCl 2 (CO), and OsCl 2 (C())3. llieber and Marin 
(12) have oven reported the preparation of Co(N()) 2 l, in which cobalt shows a 
valence of l. It is conceivable, of course, that the carbon monoxide or nitric, 
oxide in these compounds assumes a negative charge from the metal, thus raising 
the formal charge of the latter beyond its apparent value. This idea was first 
suggested by Werner and Karrer (47), and hits boon developed by Reihlen (31, 
32, 33, 34, 35). Manchot (21), however, has maintained that the carbon mon¬ 
oxide and nitric oxide retain their neutral character. Certainly the nitrosyls do 
not exhibit sal Mike properties, and it is generally agreed that tin* metal shows 
an abnormally low valence. 

II. OXIDATION' REDUCTION POTENTIALS 

These an' but striking manifestations of a completely general phenomenon. 
Uncoordinated metallic ions exist only in the gaseous phase; in solution, they 
at once coordinate with the solvent or with some other solute, and the coordi¬ 
nated ions thus generated have entirely different physical and chemical properties 
from the parent ions. As Kmcl£u.s and Anderson have pointed out (7b), “sta¬ 
bilization of valence'” is simply a modification of the oxidation reduction po¬ 
tential of the element, or ion, induced by the specific influence of different 
coordinating groups. By coordination with water or ammonia or with chloride 
or bromide ion, the cupric ion forms complexes of greatly different color, and 
these complexes vary simultaneously in their resistance to reduction to the 
cuprous state or to the metal. This is a general phenomenon; coordination will 
nearly always (if not always) alter the tendency of an ion to undergo oxidation or 
reduction. When we say that coordination stabilizes an ion, we really mean 
(though we may not realize it) that the type of coordination in question pro¬ 
duces a greater degree of stabilization than does aquation. 2 It should also be 

* Hydration moans combination with water, but not necessarily to form hydrates; aqua - 
tion refers to the formation of aquo ions; aquotizdtion is more specific and refers to the ex¬ 
pulsion of negative groups, from a complex ion, by the entrance of water molecules: c.g., 

[Co(NH,).Clp* + H,() - [Co(XII.) & (II,0)] Jf + Cl- 
[CuBrd f - 4- 4H*0 —* [Cu(H,0)d ,+ + 4Br" 

In this review, however, the more general term aquation will be used exclusively. 
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borne in mind that coordination may stabilize a valence state against reduction, 
but not against oxidation, or vice versa. In some cases, an ion is protected to 
some extent against a change in valence in either direction. (Consideration of 
tables 1 and 2 will make these points clear. 

It is evident from table 1 that ammoniation stabilizes the eobaltous state 
against reduction to the metallic condition more than does aquation but offers 
much less protection against oxidation to the cobaltie condition. Because we 
are accustomed to thinking in terms of at plated ions, the latter part of this 


TABLE 1 

Electrode potentials of some C 1 o/( 1 o ,f and Co 2 */Co*+ couples (19) 


« OLTLFS 


roTK.NflAl S 


[Co(CX) 6 p- = [to(CXbp- + <" 

Co + NIL(nq) - [Co(NII,).r + 2c 

Co + tH,0 = [0»(ll 2 0),]* f 4- 2e 

[( , o(Ml»)*l ,l ‘ = [CoCXlDel 11 - 4- *■ 

1Co(1I«())ii) i+ - |('o(H*0).l* f 4- r 


E" = +o.<s;i 
E Q » +0.422 
E° = +0.277 
E° = -0 1 
E° - — 1.842 


TABLE 2 


Electrode potentials of some. Cu/Cu 1 * and ( , u l VCu 2, ‘ couples (19) 


UH'IM.hS 


Flll'l NTI \I.S 


Cu + 2CX‘- - ICiKCNLl 1 + <* 

lCu(ll 2 ())xl ,t = [Cu(H,OLl*‘ + e~ 

(’u+HoO = Cu(H,OL* 4 + c- 

[Cu(C'S)' i \ l ~ = [Cu(H s O)xI ,f 4- 2CN + 


E n - ca. +0.4:* 
E° « —0.107 
E ® - -0 f>22 
El - - 1.12 


TABLE 3 


Electrode potentials of coordination Fc 2f /I'V 3f couples (19) 


I’flTh NTIM.S 


lKe(CX),p- 

- (Fe(CN)ep- 

+ e 

E° - -0.36 

[Fe(H 2 0) t ]*" 

= [Fe(II*0)d li 

+ c- 

E 0 - -0.771 

lEc(dipy) j! 2 ‘ 

= |Fo(dipy)aj s+ 

+ e 

A’° = ca. — i. 

[ K<»(o-phen)»j 2 * 

= [Fc(o-ph<*n)»]^ 

+ c 

j E° - — 1.14 

[F(»(XO*-o-phen ) 3 ]** 

o 

X 

II 

l 8f + c- 

; A’° = —1.25 


statement is usually worded in the converse: “Coordination with ammonia 
stabilizes the trivalence of cobalt against reduction (more than coordination 
with water does).” Coordination with the cyanide ion produces such a great 
change in the potential of the Co-*~/Co 1 *' couple that the hexacyano cobaltate (II) 
ion liberates hydrogen from water. 

Table 2 illustrates the point that a donor group may protect an ion fiom both 
oxidation and reduction. In this case, coordination with the cyanide ion pro¬ 
tects the cuprous ion against change in the oxidation state either way more 
than aquation does. Tables 3 and 4 show some similar relations for iron and 
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cerium. It is evident that by varying the anion (since all of the acids are highly 
dissociated), it is possible to alter the composition and the stability of the complex 
which contains the cerium. Unpublished work done by Mr. R. C. Spooner in 
the laboratory of Professor Sherrill of the Massachusetts Institute of Technology 
(40) seems to indicate that the effect of the acid is possibly even more complex, 
owing to hydrolysis of the ceric ion, as shown by the half-cell reaction based 
entirely upon physicochemical data: 

[Co, aq]*+- + II 2 0 [(’e IV (OH) aq] 3 + + (IP + <r) 

Smith, Frank, and Getz, however, have chemical evidence to show that in 
the tetravalent condition cerium is present in a complex anion, such as 
[Ce(N() 3 )fll 2_ (42). 

A valence state may seem to be stabilized, even though it is thermodynami¬ 
cally unstable, because it changes to another very slowly. We usually think 
that coordination with the cyanide ion protects the ferrous ion from oxidation, 
but the* data of tabic* 2 show that this is not the cast*; the* tendency of ferro- 
cyanide to undergo oxidation to ferricyanide is greater than that of the aquated 
ferrous ion to undergo oxidation to the aquated ferric ion. Many cases of 

TABLE 4 

Electrode potentials for the Ce a VCe 4+ couple in the presence of different acids 1 M in 




concentration (43) 



Acid. 

IK'IO, 

UNO 8 

H,SO. 

1101 

E.M.F. 

-1.70 

— 1.61 

-1.44 

-1.28 


“stabilization” should probably be explained as “decrease of oxidation (or 
reduction) rate.” One cannot be certain until the electrode potential of the 
couple in question is known. 


A. Mctal-ion couples 

In every consideration of the problem of stabilization it must be borne in mind 
that we seldom deal with ions which are not coordinated; simple ions do not 
exist in solution, but only in the gaseous or solid phases. Ions in solution are 
stabilized relative to the solid metal by solvation, thus in an aqueous solution 
by hydration or aquation. It is impossible to measure the absolute value of the 
energy difference between a solvated ion and the metal; however, the energy 
relative to the standard hydrogen couple is known for most of the metallic 
elements. The standard oxidation-reduction potential, as usually defined, 
is a measure of this relative energy difference for a couple comprised of the 
metal and the aquated ion at unit activity. For smaller activities of the aquated 
ion, the oxidation-reduction potential has a larger positive (or smaller negative) 
value, and when the activity is increased, the potential becomes less positive (or 
more negative), in accordance with the equation: 

E = E° - —-— logio Q 
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where Q has the same general form as the equilibrium constant but refers to the 
actual activities of the reaction substances and their products (19). If a co¬ 
ordinating group- ion or molecule— is added to a solution containing the 
aquated ions, with the result that tlu* water of aquation is largely replaced, the 
activity of the hydrated ion is reduced, and the new complex ion is more stable 
relative to the metal than the aquated ion. The standard oxidation-reduction 
potential for the new couple has a larger positive (or less negative) value: that 
is, the new complex ion formed is a poorer oxidizing agent than the aquated ion. 
This is illustrated in the behavior of copper with hydrochloric, hydrobromic, and 
hydriodic acids, as shown in table 5. The oxidation-reduction potential of the 
metallic copper-cuprous couple is raised sufficiently by the more strongly co¬ 
ordinated bromide and iodide ions to permit the displacement of hydrogen from 
the concentrated acids, but not with hydrochloric acid under ordinary conditions 
of temperature and concentration. 

Similar changes in electrode potentials are observed with all the other ele¬ 
ments and must be taken into account in predicting the course of chemical 
reactions (19). 


TABLE 5 

Electrode potential for the Cu/FiP couple in the presence of halide ions (19) 


COUPLES 


l'OTf NTIALK 


aq 4- (’ll =» [Cu, aqp 4- e~ 
2(1- 4- Cti = [CuCl,]“ 4- «?- 
2Br~ 4- (’u = [CuBr 2 j- 4- e~ 
2L 4- Cu - [Cula]" 4- e~ 


E° - -0.522 
A’ 0 - -0.19 
E° « -0.05 
E° - 0.00 


B. Polarographic determination of oxidation-reduction potentials 

The polarographic method of analysis gives a measure of oxidation-reduction 
potentials, and has brought to light many examples of valence stabilization 
through complex-ion formation. The half-wave potential of the ferric ion 
found by this method is — 1.32 volts, but addition of excess oxalate ion converts 
this to a value so strongly negative that it cannot be measured. Addition of 
fluoride ion produces a similar effect. The complex ions formed are apparently 
[Fe((- 2 04)a] 3 " and [FeF«] 3 ~ (44). The aquated cupric ion gives only one polaro¬ 
graphic wave, which corresponds to reduction to the metal, but cupric solutions 
containing ammonia or chloride ion show two distinct waves, the first correspond¬ 
ing to reduction to a stabilized cuprous state (44). Pines, using the polaro¬ 
graphic technic in the study of the deposition of zinc from cyanide solutions, 
has found that if the ratio of potassium cyanide to zinc cyanide is less than 
4:1, zinc will deposit. Larger amounts of potassium cyanide cause the forma¬ 
tion of K4Zn(CN)e, from which potassium, rather than zinc, is clectrodeposited 
(28). Cadmium, on the other hand, is deposited from cyanide solutions, no 
matter how great the excess of cyanide ion (29). 

Considerations of this sort have found practical application in the polaro¬ 
graphic estimation of related ions. The half-wave potentials of the aquated zinc 
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and nickel ions are so close together that the simultaneous determination of these 
ions, as such, is impossible. The addition of a large excess of ammonium oxalate, 
however, causes the formation of complex oxalato ions which differ greatly in 
their resistance to reduction, and can be readily estimated (30). The data of 
Lingane and Kerlinger (20) on the similar case of nickel and cobalt are interesting 
in this connection (see table 0). The solutions used were 0.001 M in nickel(II) 
chloride and 0.002 M in cobalt(ll) chloride and contained 0.01 per cent of 
gelatin. Half-wave potentials are given with respect to the calomel electrode 
at 25°C. It is interesting to observe that the addition of pyridine or thiocyanate 
ion, both of which are coordinated strongly, increases the ease with which the 
nickel and cobalt ions are reduced (but not equally). It is well known that the 
presence of these substances also increases the ease with which the cobalt(ll) 
ion is oxidized. 

Heyrovsky and Ilkovitf (11) assume that reduction of a complex ion takes 
place in two steps: (/) formation of the simple ion and ( 2 ) its subsequent reduc- 

TABLE6 


Half-wave potential differences due to coordination {20) 


CLFCTKOLYTK 

ADIHD 

( onientration 

Ni 2 * 

HALF-WAVE POTENTIALS 

Co 2 * 

Difference 

KCl 

Af 

1 

-1.1 

-1.2 

0.1 

NILC1 

N1LOI1 

1 

1 

-1.12 

-1.30 

0.18 

KCl 

C»H»N 

l 

0.5 

-0.78 

-1.07 

0.29 

KCNS 

1 

-0.70 

-1.03 

0.33 


tion. This is doubtless an oversimplification of the process, for the relationships 
between the oxidized and reduced forms of the metal ion, the coordinating group, 
and the solvent (which in most cast's can also form complexes with both forms of 
the metallic ion) must be extremely complex. If their assumption is correct, 
stabilization of the ion against reduction takes place only because the concentra¬ 
tion of reducible ion is greatly decreased. Kolthoff and Lingane (18), in a review 
of this field, have suggested that “the reduction of very stable complex metal 
ions may take place by the direct capture of electrons from the electrode”. 

Ion stabilization is thus directly connected with the equilibrium constant for 
the aquation of the complex ion. The smaller the value of this constant, the 
more stable the ion is relative to the metal. 

C. Ionic oxidation-reduction couples 

When we come to a comparison of the stability in solution of two different 
valence states of a metal, we may still use oxidation-reduction potentials as 
criteria. The oxidation-reduction potential of a couple comprised of the ions 
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in the two valence states, each at unit activity and presumably actuated, in 
contact with an inert electrode, is used as a standard. Addition of another 
coordinating group will in general produce unequal changes in the concentration 
or activities of the aquated ions in the two oxidation states. If the displacement 
of the water of aquation proceeds nearer to completion for the higher state of 
oxidation— thus, if in the higher state of oxidation the newly coordinated ion is 
more stable than in the lower state- then the oxidation-reduct ion potential of 
the new couple will have a higher positive (or less negative) value. As has been 
shown in table 1, the oxidation-reduction potential of the couple [C\>(1 IaO)«J 2+ / 
[Co(1I 2 0)6] 3+ is —1.842 volts and, as a result, the aquated eobalt(lll) ion is a 
powerful oxidizing agent; on the* other hand, the oxidation-reduction potential 
of the complex cyanide couple [C 1 o(( 1 N)«l 4 - /[( , o(C , N) 6 ] 3 " is +0.83 volt. The 
hexacyanocobaltate(ll) complex is thus a powerful reducing agent, and even 
reduces water with the evolution of hydrogen. Contrariwise, the couple 
[Fe(llo()) 6 p‘/IFeflloOlcI 31 has an oxidation reduction potential of —0.771 volt, 
compared to that of — J .14 volts for the couple comprised of the ferrous and ferric 
ions coordinated with o-phenanthroline, [Fo((Y.»lIsTS T o ) 3 ]- 1 /1Kc'((T^IIsTV 2 ) 3 J 31 . 
Evidently the o-phcnanthrolinc forms a more stable complex with divalent 
than with trivaient iron. The trivalent state, however, is stabilized by coordina¬ 
tion with a-pyridylhydrazine (0) and cY-(«'-pyridyl)pyrrole (S). It- is of interest 
to note that all good oxidation-reduction indicators for the titration of ferrous 
ion arc 1 examples of coordination in which stabilizat ion of low valences is achieved. 

Hence the equilibrium constants for the* aquation of the corresponding com¬ 
plexes of an element in two states of oxidation give us a measure of the* resistance 
to change in valence. If the equilibrium constant for the higher valence slate is 
smaller than that for the lower valence state, stabilization of the higher valence 
state 1 results, since this involves a greater decrease in the concentration of the 
aquated ion in the higher valence*. This line of reasoning suggests that certain 
predictions as to the ease of oxidation or reduction can lx* made. Thus, we 
should expect the chloropentammine cobalt (111) ion to be reduced more* readily 
than the nitropentammine or the hexamminc, for it. is readily aquated while the 
others are not. 

An interesting application of these concepts has been made by lieinders and 
bis coworkers (3b, 37, 38). They have shown that the oxidation-reduction 
potential of an equimolar mixture of ferrous and ferric sulfates can be varied 
from +0.04 volt to zero by the addition of salts of hydroxy- or poly-carboxylic 
organic acids. The salts which they studied were sodium citrate, malonatc, 
oxalate, tartrate, lactate*, and succinate, of which the first three; were the* most 
satisfactory. The anions of these salts coordinate with both the ferrous and fer¬ 
ric ions and give* solutions which show a consielcrable buffer action toward 
oxidation and reduction. These systems were used in studying the; process of 
photographic development. 

III. TYPES OF BONDS FOUND IN COORDINATION COMPLEXES 

In a complex, each atom loses its individual properties, including its charac¬ 
teristic state of oxidation, and becomes simply a part of the whole. The re- 
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sul tant electrical charge of a complex ion is determined by the coordinating 
groups as well as by the central metal ion. It is quite possible that any metal 
could be carried through a wide range of stable oxidation states if it were co¬ 
ordinated with the proper groups. Conversely, it is evident that with many 
elements the realization of different states of oxidation is possible only through 
coordination with certain atoms or groups of atoms. A most important ques¬ 
tion arises: “Why do different coordinating groups, apparently sharing the same 
number of electrons with a metallic ion, give rise to complexes of such varying 
electron affinities?” No complete answer to this question has yet been offered— 
indeed, none seems possible in our present state of knowledge. It is the purpose 
of this review to discuss certain aspects of the problem with the hope of stimu¬ 
lating further study of it. 

Sidgwick (41) has suggested that stable valence groups arc formed when the 
effective atomic number of the metallic ion is equal to that of an inert gas. On 
this basis, the stability of the hexammine cobaltic salts is attributed to the fact 
that the twenty-four electrons of the inetal ion, with the twelve furnished by the 
coordinated nitrogen atoms, give the stable inert-gas configuration of krypton. 
The stability of Co(CO) 3 NO, in which the cobalt atom seems to have no charge, 
is explained in the same way [27 + (3 X 2) + 3 = 30]. This theory may appear 
to explain the formation of many coordination compounds, but there are numer¬ 
ous exceptions to it. We cannot hope to use it to explain the stabilization of 
oxidation states by coordination when different groups, which apparently furnish 
the same number of electrons, do not stabilize tin* same valence state. Thus, 
coordination with o-phenanthroline stabilizes the divalency of iron (in this case 
the E.A.N. becomes that of krypton) but coordination with water, cyanide, or 
hydroxyl groups stabilizes the trivalency, even though the resultant complex 
has one electron fewer than the inert gas. 

Fajans has attempted to explain the instability of cupric iodide on the basis of 
ion-deformation (10). The deepening in color of the silver and cupric halides 
with increasing atomic weight of the halogen indicates an increasing deformation 
of the electron shells of the halogen. The iodide ion is so greatly deformed by 
its proximity to the cupric ion that it completely loses one of its electrons, with 
consequent reduction of the cupric ion. This explanation implies that the 
cupric condition will be more stable if the metallic ion is kept from close proximity 
to the iodide ion, by surrounding it, say, with coordinated neutral groups. The 
dicthylencdiaminc copper(Il) ion, [Cuen 2 ] 24 , in contrast to the aquated cupric 
ion, indeed forms a stable iodide, and is not reduced by hyposulfitcs (23). On 
the other hand, the cuprous condition of copper is stabilized by coordination with 
acetonitrile (2G) and derivatives of thiourea and thiocarbamide (17, 24, 39). 

One of the common pitfalls in the consideration of the problem of stabilization 
of valences should perhaps be mentioned here, it must be borne in mind that 
the apparent oxidation state of an clement is not always a true measure of its 
condition. Thus, the supposed divalency of gallium, indium, and thallium is 
very doubtful, the dichlorides probablv being auto-complexes of the type 
Ga I [Ga I1I Cl 4 ], In^ln^CUl and Tl'lTl^CU] (7a). The diamagnetic nature of 
these dihalides (16) is in agreement with such a formulation. We can safely 
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draw conclusions only when it is clearly demonstrated that the complex in 
question has a known structure and contains only one ion or atom of variable 
valence,—conditions frequently not fulfilled. 

Coordinating groups, presumably, must have an atom present with at least 
one pair of unshared electrons, but the type of bond formed is not at once ap¬ 
parent. The attraction of the field around a positive ion for the pair of electrons 
might be considered to lie largely responsible for the formation of a coordinate 
bond. The intensity of this field surrounding the ion depends on its charge and 
is obviously always greater for the more highly charged valence state. If the 
bond between the coordinating group and the ion were of ionic character, that 
is, only so-called Coulombic forces were operative, then the stronger bond would 
always be formed by the more highly charged ion. This would load to a uni¬ 
formly smaller value for the aquation constant in the higher valence state and 
thus stabilization of the higher valence state. The numerous examples of 
stabilization of low valences contradict the assumption of a purely ionic bond 
and suggest that, in general, the coordinate link is covalent in character. Evi¬ 
dence for the existence of covalent bonds in many coordination complexes has 
been obtained from the measurement of the magnetic moments of ions in 
solution (27a). On the basis of the available information practically the only 
coordinating groups which form bonds of ionic character are water, fluoride ion, 
and occasionally the oxalate ion. Very few quantitative data are available on 
fluoride^ and oxalate complexes; these are, however, sufficient to allow the con¬ 
clusion to be drawn that in the fluoroferrate and oxalatoferrate ions the trivalent 
state is stabilized. The resolution of many coordinated ions into opt ical isomers 
suggests, in addition, that covalent bonds occur frequently, since if ionic bonds 
were present it is less likely that definite orientation in space relative to the cen¬ 
tral ion would exist-. 

\n excellent discussion of the type of bonds involved in the format ion of com¬ 
plex ions is given in a recent treatise by Pauling (27b), in which lie elaborates the 
idea that “atoms in the transitional groups are not restricted to the formation 
of single covalent bonds but can form multiple covalent bonds with electron- 
accepting groups by making use of the electrons and orbitals of 1,1m shell within 
the valence shell”. Because of this it is difficult to postulate the formal charge 
or state of oxidation of the central atom. It would not seem possible at present, 
however, to explain on the basis of multiple bonds why zinc forms complexes with 
cyanide ions while aluminum and gallium do not. The* specific and individual 
behavior of many of the elements still lacks clarification. 3 

3 Xotc added in proof: .1. E. B. Randles (J. Cheni. Soc. 1941, S02) lias investigated the 
factors governing the stability of cuprous and cupric complexes and claims that, “The chief 
controlling factor appears to be the degree of covalency or electrovalency of the bonding 
bet ween the copper ions and neighbouring ions or molecules, which is mainly dependent 
on the polarizability of the latter.” This concept does not appear to be of genera! appli¬ 
cation, however, since hydration docs not invariably form the higher state of oxidation, 
nor does combination with ammonia or pyridine invariably lead to stabilization of the 
lower state, as has been emphasized in the body of this review. Randles’ conclusions, 
while in agreement with the experimental data he presents, cannot be extended to other 
systems. 
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IV. CONCLUSIONS 

When the (‘lenient in two states of oxidation forms covalent bonds with the 
coordinating groups, our present knowledge of the factors which govern this type 
of bond formation does not permit the prediction of bond strengths; hence no 
theoretical estimate of the relative magnitudes of the aquation constants for 
different valence states can be made. The experimental evidence from aquation 
constants and from oxidation-reduction potentials leads to the following con¬ 
clusions: 

1 . //, for an element in a particular slate of oxidation , its complexes with co¬ 
ordinating groups are listed in the order of increasing stolidity, it is probable that 
the same order will not hold for other valence states of the element. There seem to be 
no definite examples of actual changes in order, but there are many examples of 
large changes in stability, so it is logical to assume that the order may be altered. 
There is need for more data on this point. 

It may be difficult to obtain such data, however, for any great change in stabil¬ 
ity may make the ion so unstable that it will not exist under ordinary conditions. 
Tn other words, the difference between “stability” and “instability” is not great, 
and any large change in conditions may forbid an oxidation stab* completely, 
thus making it impossible to obtain some of the* complexes which it would be 
desirable to study. An example of this is afforded by the triethylenediamine 
chromiumd 1) ion, which apparently cannot exist, in water solution but changes 
rapidly to the corresponding chromium(I II) ion (l) with the evolution of hydro¬ 
gen. Hydrazine, however, gives fairly stable complex chromium(II) ions (15). 

2. Different ions in the same state of oxidation do not exhibit the same order of 
stability with coordinating groups. Thus , it is impossible to arrange coordinating 
groups in a definite series , in the order of their ability to form stable bonds , which 
will apply to all metallic ions. However, certain rough generalizations may be 
made from available data. Familiar coordinating groups, such as hydroxyl 
ion, cyanide ion, nit rib* ion, and ammonia, ordinarily stabilize the higher valence 
state. There seem to be some exceptions to this, such as tin* compounds 
K 4 Ni°(CN) 4 and K 2 Ni l (( < \)3, recently discussed by Burgess (6), and K 5 M 11 1 - 
((VN)*, reported by Manchot (22). These compounds, however, have not been 
completely studied, and when their structure has been determined it is possible 
that the* apparent discrepancies will disappear. If they are real exceptions, it 
must, be admitted that at present there is no explanation for them. 

A survey of the various types of stabilization groups seems to substantiate a 
rule which has been suggested by Professor John P. Howe of Brown University 
(14): Coordinating groups of higher negativity stabilize the higher valences , and large 
groups containing resonating structures stabilize the lower valence states; thus, 
divalent oxide ions stabilize chromium, iron, and nickel with an oxidation 
number of 6, as in [Cr0 4 p~, [Fo() 4 ]-~, and [Xi0 4 p", and, as previously noted, 
other negative ions in general stabilize higher valences. Neutral molecules like 
o-phenanthrolino, with conjugated double bond structures, stabilize the lower 
valences. This might he summarized by stating “that the greater the electron 



STABILIZATION OP VALENCES BY COORDINATION 


237 


affinity of the group itself for additional electrons, the more the lower valence 
state is stabilized”. 


v. SUMMARY 

Valence stabilization by coordination is a retil phenomenon, but the term 
signifies a relatively large change in the oxidation- reduction potential of a couple, 
rather than a sudden and unexpected jump in valence. The phenomenon is a 
very general one, but at present no adequate theory of structure of complex 
compounds is able to explain much of the data. Kxperimenters who measure 
electrode potentials are cautioned to ascertain and to report all of the com¬ 
ponents of their solution, as frequently the obscure variations in potentials ob¬ 
served are due to the formation of complexes which have been overlooked. 
Many of the data on electrode potentials recorded in the literature are worthless 
because of this oversight. 


REFERENCES 

(1) Balthis, J. H., Jr., and Bailar, J. C., Jr. : J. Am. (<hem. Soc. 68,1474 (1936). 

(2) Bancroft, W. D.. J. Chem. Education 11, 207 (1934). 

(3) Bakbikri, G. A.: Atti accad. Lincci [5] 16, i, 500 (1906); |G] 13, 882 (1931); 16, 44 

(1932); 17, 1078 (1933); Bcr. 60 , 2424 (1927). 

(4) Belvcci, I., andCorelli, H.: Atti aecad. Lincci [5] 16, i, 500 (1906); 22, i,603 (1913); 

22. ii, 485 (1913); Gazz. chim. ital. 43, ii, 569 (1913); 49, ii, 70 (1919); Z. anorg. Chem. 
86, 88 (1914). 

(5) Blanchard, A. A.: Chem. Bov. 21, 3 (1937). 

(6) Burgess, W. M.: Abstracts of Papers, Division of Physical and Inorganic Chemistry, 

American Chemical Society, Boston, September, 1939, pages 36 37. 

(7) Emkl£us, 11. J., and Anderson, J. S.: Modern Aspects of Inorganic Chemistry : (a) 

p. 115; (b) p. 151. T). Van Nostrand Company, New York (1938). 

(8) Emmkrt, B., and Brandt, F.: Ber. 60 , 2211 (1927). 

(9) Emmkrt, B., and Schneider, O.: Ber. 66, 1875 (1933) 

00) Fajans, K.: Naturwissensehaften 11, 165 (1923). 

(11) Heyrovsky, U., and li.Kovif, 1).: Collection Czcehoslov. Chem. Coinmun. 7, 198 

(1935). 

(12) Hiebkr,W., and Marin, K * Z. anorg. allgem. Chem. 240, 241 (1939). 

(13 N Hiebkr, W., and MOhlbauer, F.: Ber. 61, 2149 (1928). 

(14) Howe, J. P. (Brown University, Providence, Rhode Island): Private communication. 

(15) Klemm, W.: Z. anorg. allgem. Chem. 201, 32 (1931). 

(16) Klemm, YV., and Tilk, W.: Z. anorg. allgem. Chem. 207,175 (1932). 

(17) KohlschOtter, V.: Ber. 36, 1151 (1903). 

KohlrchCtter, V., and Brittlebank, Ann. 349, 232 (1906). 

(18) Kolthoff, T. M., and Lingane, J. J.: ('hem. Hov. 24, 1 (1939). 

(19) Latimer, W. M.: Oxidation Potentials. Prenticc-IIall, Inc., New York (1938). 

(20) Linoane, J. J., and Kerlinger, II.: Ind. Eng. Chem., Anal. Ed. 13, 77 (1941). 

(21) Manchot, W.: Ann. 469 , 47 (1927). 

(22) Manchot, W., and Gall, II.: Ber. 60, 191 (1927); 61, 1135 (1928). 

(23) Morgan, G. T., and Bi kstall, F. II.: J. Chem. Soc. 1926, 2018, 2027; 1927, 1259. 

(24) Morgan, G. T., and Burhtall, F. H.: J. Chem. Soc. 1928, 143. 

(25) Morgan, G. T., and Burstall, F. H.: J. Chem. Soc. 1930, 2594. 

(26) Morgan, H. H.: J. Chem. Soc. 123 , 2901 (1923). 

(27) Pauling, L. C.: The Nature of the Chemical Bond: (a) pp. 104-11; (b) pp. 231-8. 

Cornell University Press, Ithaca, New York (1939). 




238 


M. J. COPLEY 


(28) Pines, I.: Collection Czechoslov. Chem. Commun. 1, 429 (1929). 

(29) Pines, I.: Collection Czechoslov. Chcm. Commun. 1, 387 (1929). 

(30) Prajzler, J.: Collection Czechoslov. Chem. Commun. 3, 406 (1931). 

(31) Reiiilen, II. : Z. anorg. allgem. Chem. 230, 223 (1937). 

(32) Reiiilen, II., and Friedolsheim, A.: Ann. 457, 71 (1927). 

(33) Reiiilen, II., Friedolsheim, A., and Oswald, W.: Ann. 485 , 72 (1928). 

(34) Reiiilen, II., Gruhl, A., and Hessling, G. v.: Ann. 472, 268 (1929). 

(35) Reihlen, II., Grijhl, A., Hessling, G. v., and Pfrengle, O.: Ann. 482, 161 (1930). 

(36) Reindkrs, VV.: J. Phys. Chem. 38, 783 (1934). 

(37) Reinders, W., and Beukers, M. C. F.: 9 mu Intern. Congress Photogr., Paris 

(1935), p. 345. 

(38) Reinders, W., and de Minjer, C. H.: Rec. trav. chim. 57, 594 (1938). 

(39) Rosenheim, A., and Lowenstamm, W.: Z. anorg. Chem. 34, 62 (1903). 

(40) Sherrill, M. S.: Private communication. 

(41) Sidgwick, N. V.: The Electronic Theory of Valency , pp. 163 ff. Oxford University 

Press, London (1929). 

(42) Smith, G. F., Frank, G., and Kott, A. 10.: Ind. Eng. Chem., Anal. Ed. 12, 268 (1940). 

(43) Smith, G. F., and Getz, C. A.: Ind. Eng. Chem., Anal. Ed. 10,191 (1938). 

(44) Stackelberg, M. von, and Freyhold, II. von: Z. Elektrochem. 48, 120 (1940). 

(45) Tratjbe, W., and Passarge, W.: Bcr. 48, 1505 (1913). 

(46) Werner, A.: Ann. 375, 15 (1910). 

(47) Werner, A., and Karuer, P. : llelv. Chim. Acta 1, 54 (1918). 



RECENT WORK IN MOLECULAR BEAMS 
W. H. BESSEY 

Department of Physics , North Carolina State College of Agriculture and Engineering, Raleigh » 

North Carolnia 

AND 

0. C. SIMPSON 

Research Laboratory of Molecular Physics, Carnegie Institute of Technology , Pittsburgh , 

Pennsylvania 

Received October 7, 1941 

The production and detection of molecular beams is described briefly. Then 
follows a discussion of a number of recent problems which have been solved wholly 
or partially by the application of molecular-beam technique. Special emphasis 
is placed on the determination of the magnetic properties of atomic nuclei, and a 
rather complete table of nuclear moments is given. 

I. INTRODUCTION 

It is hoped that the following r<$sum<5 of some of the more important recent 
work in molecular beams will be of interest, not only to those who have spe¬ 
cialized m this field, but also to others. It is our conviction that to some of 
these latter the molecular-beam method will appear especially appropriate for 
the solution of new problems. The method has been very fruitful in the past, 
and there is every reason to expect that as more and more people become profi¬ 
cient in its use, a greater and greater variety of problems will be successfully 
solved. 

The basis of the molecular-beam method lies in the kinetic theory of gases. 
This is a very beautiful and satisfying theory. Developing gradually, it had 
acquired such distinction by the first decade of this century that very few people 
doubted its main features. In brief, these are that all gases are composed of 
particles moving constantly in straight lines and continually colliding with each 
other and with the walls of the confining vessel. The speeds of these particles 
will in general change with each collision; therefore there will be a wide range 
of velocities in every gas sample. However, at a constant temperature there 
will be an average velocity which does not change with the time and which can 
be easily calculated. Furthermore, it is a very simple matter to obtain an ex¬ 
pression for the average distance each molecule travels between collisions; this 
mean free path turns out to be inversely proportional to the pressure. 

From these simple assumptions was developed an elegant theory, which, al¬ 
though not directly tested, gave predictions sufficiently close to experimental 
results to satisfy almost everyone. Deviations from the theory were explained 
qualitatively as due to the neglect of the finite sizes of the particles and the 
forces of interaction between them. 

Nevertheless, it is always a very satisfying procedure to make a direct test 
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of fundamentals. As long ago as 1895 (4), manufacturers of incandescent light 
bulbs found evidences of the rectilinear propagation of gaseous particles. Sharp 
shadows in the evaporated coatings on the insides of old bulbs could be explained 
only by assuming such a straight-line motion. However, they performed no 
experiments for the purpose of testing this point alone. This was first done in 
1911 by Dunoyer (37), who heated some sodium in the bottom of an evacuated 
tube with several collinear constrictions in it. He found that the condensate 
at the other end was very sharply defined and had exactly the shape expected 
under the assumption of rectilinear motion, just as in the corresponding optical 
case. To test the matter further, he placed peculiarly shaped obstacles in the 
beam path and found shadows, sharp and clear, of the same shape and size. 
He suggested that this method might be used to test other fundamental ideas 
of the kinetic theory, but did not seriously attack the problem himself. 

Stern (235), in 1920, adapted Dunoyer’s “one-dimensional gas” to the simple 
and direct measurement of the average velocity of the atoms of silver in the 
vapor state. This was the first of a long and brilliant series of experiments with 
what he preferred to call atomic or molecular rays. Although this first measure¬ 
ment was rather crude, yet it was sufficiently precise to give the kinetic theory 
value for the average velocity, to within experimental error. Soon thereafter, 
Born (14, 19), using a well-defined beam of metallic atoms, obtained estimates of 
their mean free path in a gas at low pressure. Ilis results showed that the 
product of the pressure and the mean free path was a constant, as expected. 

Many more experiments have been performed with molecular rays since these 
three which established in such a beautiful and direct manner the fundamental 
concepts of the kinetic theory. The apparatus is still built like Dunoyer’s, with 
improvements, of course. The basic idea is still the same: to produce a beam of 
particles of small cross-sectional area, all the members of which are moving in 
essentially the same direction in a space where the pressure is sufficiently low so 
that these individuals do not collide with each other or with other atoms. If 
one does something to the beam (as, for example, passing it through a force field), 
the results will simply be the statistical sum of performing that same act upon 
each particle in the beam, independently of all the rest. Although a single 
atomic process is not in general observable, if the beam is sufficiently intense the 
accumulative effect will be measurable. Thus the molecular-ray method pro¬ 
vides the possibility of observing atomic behavior directly, and has consequently 
been applied to the solution of many problems. 

The distribution of velocities in a beam has been analyzed and found to be in 
agreement with the theoretical prediction. Beams have been scattered in vari¬ 
ous gases, and the mean free paths and collision cross sections determined. 
Various interactions between atoms and surfaces have been investigated. 

It was pointed out by Stern (238) that, if the ideas of de Broglie on the wave 
nature of matter were correct, then under the proper conditions a beam of 
particles should be diffracted similarly to a beam of light. The wave length X 
associated with a molecule of mass m and velocity v is determined from the 
relation X = (h)/(mv ), where h is Planck’s constant. The molecular-beam 



RECENT WORK IN MOLECULAR BEAMS 


241 


method has been used many times to test this theory and offers the only direct 
confirmation of it in the case of uncharged particles. 

In 1921, Stern (236) suggested that the molecular-beam method could be used 
as a crucial test to decide between the classical theory and the quantum theory 
predictions for the magnetic properties of atoms and molecules. If a beam of 
atoms, each with a magnetic moment, is passed through an inhomogeneous mag¬ 
netic field, the direction of the inhomogeneity being essentially parallel to the 
field, the angular momentum vector of each atom will process about this direction, 
and the atom will be deflected by the magnetic force. The magnitude of the 
deflection will be proportional to the projection of the moment upon the field 
direction. According to the classical theory, the magnetic moment may be 
oriented in any direction whatsoever, so that its projection might bo anything 
between zero and the absolute value of the moment itself. Then there would be 
deflections of all magnitudes, and the beam would merely be broadened. Ac¬ 
cording to the quantum theory, on the other hand, there are only a few possible 
orientations of the moment with respect to the field, and consequently there will 
be a splitting of the beam into discrete components. 'Hie cast* of silver is a good 
example. If it behaves classically, a beam of silver atoms will be broadened, 
but with the position of maximum intensity still located at. the position of the 
undeflected beam. If, on the contrary, the quantum theory applies, since 
according to this theory there are only two possible orientations of the moment 
axis, the beam will be split into two parts with a minimum of intensity at the 
undellected position. An experiment, of this type was performed by (lerlach 
and Stern (SO). They passed a beam of silver atoms through a strong field 
produced by a powerful electromagnet with pole pieces shaped like a slot and 
a wedge. The results confirmed completely the predictions of the quantum 
theory. This brilliant and spectacular experiment was the forerunner of a large 
number of precise measurements of the* magnetic properties of atoms and mole¬ 
cules. 

There have been many other applications of molecular rays, some of which 
will be discussed more in detail in the following. This brief description has 
perhaps served to indicate tin* power and scope of the method. Aside from its 
simplicity and directness, it has the obvious advantage that any external applied 
forces can be made to act on molecules the positions and directions of motion of 
which are known. Furthermore, there are no mutual interactions in the beam 
to produce spurious effects. In addition, the molecular-beam method is par¬ 
ticularly useful in the measurement of exceedingly small nuclear quantities (see 
footnote, page 255). 

II. THE PRODUCTION AND DETECTION OF MOLECULAR BEAMS 

A gas at low pressure is allowed to escape through an orifice or slit into a highly 
evacuated space. The emerging particles will move out radially from this slit, 
travelling in straight lines until they strike an obstruction. If a diaphragm con¬ 
taining another small opening is placed in front of the first slit, those particles 
which pass through will all be moving in essentially the same direction; that is, 
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a beam of unidirectional particles has been selected out of the randomly moving 
ones. The apparatus thus consists of a source chamber or oven, a series of 
collinear slits to define the beam, and a detector. To prevent scattering of the 
beam particles, the apparatus must be highly evacuated and the oven slit must 
not be too large. 

Beams are made of permanent gases or the vapors of condensed substances. 
The condensed matter is enclosed in a small oven or furnace in which there is an 
oven slit. The oven is heated until the vapor pressure of the contents reaches 
a value great enough to produce a beam of the desired intensity. In order to 
prevent scattering within the apparatus, large cooled surfaces are supplied to 
freeze out any molecules not in the main beam itself. The technique is a little 
more complicated when the permanent gases are used. In this case there must 
be a constant supply of the gas at a predetermined low pressure. Because these 
gases can not be condensed when they are scattered out of the beam but will be 
reflected diffusely at the walls of the apparatus and thus increase the residual 
pressure, it is necessary to use very high speed pumps. 

In order to produce a true molecular beam one must have a sufficient number 
of slits to define it. This means that at least two must be used. Sometimes it 
is found more advantageous to use three; this is (‘specially helpful in the case 
where the beam is made of a non-condensable gas. These slits are made of metal 
or glass and are aligned approximately by optical or mechanical means. In 
experiments where questions of intensity arise or where precise quantitative 
measurements are desired, the final adjustment of the slits is often made by 
observation of the effect of moving them upon the intensity and shape of the 
beam itself. 

The first beams were made with metals of relatively low melting {joint. These 
were easily purified and vaporized, and their detection offered no difficulties. 
All that was necessary was to interpose a cooled plate in the path of the beam. 
Many investigations 1 have been made concerning the effect of beam pressure 
and temperature upon the nature of the trace produced. It was even found 
possible by either physical or chemical methods to develop a trace which was too 
faint to be seen. Since many deposits are destroyed upon contact with the air, 
devices have been used to photograph them in the vacuum. 

It was soon found that certain beams could be detected by their chemical 
activity. For example, atomic hydrogen beams will reduce the yellow oxide 
of molybdenum to the blue one, or will blacken the Schumann plate (128). 
These are the so-called accumulative methods and are very sensitive; if one 
waits long enough the result is almost certain to be visible. However, there are 
serious disadvantages. There are many substances which can be neither con¬ 
densed nor detected chemically. Furthermore, because the molecules in a thin 
film have a tendency to move sideways along the supporting surface, the re¬ 
producibility is poor, and there is no possibility of obtaining quantitative results. 

'For a complete discussion see R. G. J. Fraser: Molecular Rays, University Press, 
Cambridge (1931). 
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Various investigators have weighed the deposits or analyzed them with a micro¬ 
photometer, but without much success. 

Since several other methods have been developed which will give quantitative 
results, these early ones have been largely superseded. However, very recently 
Simons and Glasser (231) have perfected a sensitive chemical detector in the 
form of a tellurium oxide; it will react with atomic hydrogen, oxygen, chlorine, 
and bromine, and perhaps with some of the organic free radicals. 

The first reliable quantitative detector was the ionization gauge, used by 
Johnson (108) in 1020. He found ♦hat. it did not behave well, but several other 
investigators have since used it for relatively heavy molecules with complete 
success. Stern and Knauer (132) constructed a very sensitive Pirani gauge or 
hot-wire manometer. It is very useful for the light permanent gases, but its 
sensitivity decreases with increasing molecular weight. These two gauges meas¬ 
ure simply the pressure built up in the manometer by the beam. Radiometer 
vanes (30, 32, 101), bolometers (254), and thermopile's (unpublished work by 
various investigators) have been used, but have never proven entirely satis¬ 
factory. 

In 1929, Taylor (243) developed a quantitative detector for atoms with low 
ionization potentials, based upon Langmuir’s investigations of surface* ionization. 
It is useful for the alkali metals, either as atoms or molecules, and for a few other 
substance^ such as indium and gallium; it will also detect- beams of alkali salts, 
(209) and other compounds containing the alkali-metal atoms. As customarily 
used, this gauge consists of a hot tungsten filament, sometimes with an oxide 
coating, and a negative plate. A definite fraction (usually practically 1(H) per 
cent) of all the atoms which strike* the wire are ionized and repelled to the nega¬ 
tive collector. The positive-ion current is thus a measure of the* intensity of the 
beam. Rnbi and Cohen (19b) have developed a modification of this regular 
procedure for cases in which the intensity is extremely low. They allow the 
atoms to strike and to accumulate upon a cold wire which is flashed at regular 
intervals. The total charge received by the collector is proportional to tin* total 
number of atoms arriving at the detector during the whole* time*. Tests show 
that this accumulative method is very reliable, oven for periods of collection of as 
much as 10 min. Kodera (135) has recently used a modification of this gauge 
to measure the total intensity of very broad beams. 

I^angmuir and Villars (147) have suggested that it might be possible to use a 
tungsten wire to detect beams of oxygen. Electron ('mission from such a wire, 
activated by small amounts of cesium vapor, is very sensitive to changes in the 
oxide coating. As far as the authors know, no one has all erupted to make use 
of this idea. 

All of the above quantitative instruments, although very good for a few molec¬ 
ular species, have the disadvantage of being relatively insensitive for the 
majority of beam materials. In 1933 Estermann and Stern (59) constructed a 
universal gauge of extremely great sensitivity. It is based on the investigations 
of Kingdon and Langmuir on the elimination of space charge by positive ions, 
and consists simply of a hot filament surrounded by a positive cylinder. If the 
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filament temperature and anode potential are adjusted properly, and if there is 
a good vacuum between the electrodes, the current will be limited by the space 
charge. If now a gas is admitted to the gauge, some of the gas molecules will be 
ionized by the electrons. These ions will spiral round and round the filament, 
thus effectively decreasing the space charge*; this will produce a large change in 
the plate* current, the amenint of change; depeneling of course upon the number 
of iems present. Kingdon used a device e>f this type (the Kingdon cage) to 
measure; small pressure's. It is extremely sensitive because the electron current 
can be amplified by appropriate means. 

Using this device, Stern and Kstcrmann made some rough experiments with 
a mercury beam, anel were able to measure the beam intensity when the mercury 
oven was kept at — 30°C. They used as a filament a thorium-free tungsten wire. 
The positive* plate was a cylinder of nickel sheet capped at both ends; the beam 
passed in through a hole in one of the caps. A second gauge exactly like the 
first was list'd to balance out fluctuations in residual pressure, pumping speed, 
and the like. A sensitive galvanometer measured the difference between the 
two plate currents. It was found that there was an optimum value of the anode 
potential for which the sensitivity was a maximum. This was, of course, 
greater than the ionization potential of mercury. It was also discovered that 
for extremely low pressures the galvanometer throw was not exactly proportional 
to the beam pressure as determined from the temperature of the oven. This 
means either that the gauge must be placed in a room with a small residual pres¬ 
sure so that it will give linear readings, or else that the gauge must be calibrated 
carefully over its whole range 1 if it is to be used in a good vacuum. 

This is a universal method, since all substances which can be made into beams 
c«.ii bo ionized by swift eleetrons. It has been pointed out by Fraser (08) that 
it would be useful for investigating the organic free radicals. It is extremely 
sensitive 1 ; however, the sensitivity is greater for the heavier molecules, since they 
have a smaller velocity and will therefore remain in the space charge region for 
a longer time. In spite of these very obvious advantages, this method has been 
used very infrequently. 

III. VELOCITY DlSTHim’TlOX IN MOLECULAR, BEAMS 

One of the consequences of the kinetic theory is that the molecules in a molec¬ 
ular beam do not all have the same velocity. This complicates considerably 
the interpretation of a molecular-beam experiment. For example, if a beam is 
passed through a force field, there will be a different deflection for every velocity. 
Thus, it is usually desirable and frequently necessary to know the distribution 
of velocities in a beam. 

Three methods have been used in velocity measurements: mechanical selection, 
deflection in a force field, and selective reflection. Costa, Smyth, and Compton 
(32), Kldridge (39), and Lammert (140) have used the toothed-wheel method of 
measuring the velocities of beam particles. Similar to the old Fizeau method 
of measuring the velocity of light, it consists in passing a beam through two or 
more coaxial rotating notched disks. From a knowledge of the number of teeth, 
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the speed of rotation, and the distance between the wheels, one may easily cal¬ 
culate the velocity of the particles which are able to pass through. Zartman 
(263) and later Ko (134) used a refinement of the Stern method (235) of measur¬ 
ing average velocities. Their experiments were performed with a claimed 
precision sufficient to indicate more slow particles in a beam of bismuth than 
were predicted by the theory. This result they explained by assuming that not 
only were there bismuth atoms in the beam, but also some diatomic molecules, 
and perhaps even some molecules of Bis. The experiment also gave a heat of 
dissociation of Bi 2 molecules of 77,100 calories per mole. This is to be compared 
with the value of 56,000 calories obtained by Leu (151) in a careful magnetic 
deflection experiment. 

ltabi and Cohen (104) and Kllett and Cohen (29, 41) have made use of the 
deflection of beams in a magnetic field to determine the velocity distribution. 
Stern and his colleagues (56) have studied the free fall of atoms in a beam. I lere, 
too, the particles of different velocities undergo different deflections. This gives 
a very easy method of sorting velocities; however, the beam must be very long 
because the force of gravity is quite small, so that the intensity becomes 
very low. 

Since the angle of diffraction of an atom at a crystal surface depends upon the 
de Broglie wave length, and therefore* upon the velocity, the diffracted beam in 
any particular direction will be essentially monochromatic. As will be* described 
later, this method of velocity selection was used by Kstermann, Frisch, and 
Stern (52) in their study of the diffraction of helium at cleavage surfaces of 
lithium fluoride. 

In every ease, the results agreed fairly well with the predictions made from 
kinetic theory considerations. There were always some deviations which could 
be ascribed to scattering, finite wall thicknesses, and the like*. 

IV. SCATTERING OF MOLECULAR BEAMS 

The molecular-beam method seems to be the only possible method for the 
study of the scattering of neutral particles by neutral particles. As was men¬ 
tioned earlier, the first experiments of this type was performed by Born (14, 19), 
who showed roughly that the product of the mean free path and the pressure was 
a constant. The main features of the more recent investigations an* the follow¬ 
ing: A narrow beam of a substance for which there is a quantitative detector 
is passed through a chamber containing a gas at controllable pressure. The 
shape and intensity of the* scattered beam is compared with the shape* and 
intensity of the parent beam for various scattering pressures. From these data 
the mean free* paths and scattering cross sections may be determined. 

The problem has been treated quantum-mechanically by Mizushima (180) 
and by Massey and Mohr (159). According to them the collision cross section 
for slowly moving hard spheres is two times the classical value if the particles 
are different, but four times the classical value if the particles arc similar. If 
there are attractive forces between atoms, the newer theory gives a finite cross 
section, while the classical theory gives an infinite value. All of the investigators 
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in this field—Knauer (130), Zabel (258), Eldridge (40), Fraser and Broadway 
(24, 69), Mais (154), and Rosin and llabi (213)—have found cross sections much 
larger than those expected from the classical hard-sphere theory. Also Knauer 
(130), in his investigations of the scattering of helium by mercury, found that 
beams at high temperature are scattered more than beams at low temperature. 
These results are in disagreement with the older theory, but are to be expected 
on quantum-mechanical considerations. Mais (154) used an apparatus of suffi¬ 
cient resolution that particles deflected through 4.5 min. of arc were counted as 
scattered. He found that the scattering of potassium atoms by helium and by 
hydrogen agreed quite well with the quantum-mechanical predictions of Mizu- 
shima, Massey, and Mohr for hard spheres. However, for the cases of the 
scattering of potassium by neon, nitrogen, argon, and carbon dioxide, the colli¬ 
sion radii were much larger than given by the theory, indicating considerable 
interatomic attraction. Rosin and Rabi (213), using a very refined apparatus 
with resolution of 1 min. of arc, studied the scattering of all the alkali atoms from 
the gases hydrogen, deuterium, helium, neon, and argon. The cross sections 
for potassium were in good agreement with those obtained by Mais, being in 
every rase only a little higher. This indicates that the cross sections are really 
finite. Furthermore, the scattered beam had the same shape as the parent beam. 
These results all lead to the conclusion that the classical theory is entirely inade¬ 
quate for the treatment of this particular problem of the scattering of a mo¬ 
lecular beam. 

Rabi (189) has stated that this leads to a new kinetic theory. The authors 
wish to point- out, however, that for the majority of problems, such as the 
transport phenomena in gas (diffusion, heat conduction, and viscosity), the 
classical theory does give the correct result. There are a few exceptions at low 
temperatures. For these a quantum-mechanical kinetic theory must be used. 

It is even possible, with some assumptions, to obtain the van der Waals forces 
from scattering experiments. This was done by Fraser, Massey, and Mohr (72) 
for the scattering of potassium and sodium by mercury, using data obtained by 
Broadway (24). Torrey and Spremulli (247), who have just begun work on 
the problem, hope to do the same for the scattering of alkali atoms by alkali 
atoms. 

Rosenberg (212) has compared the scattering of atoms and molecules of 
lithium and potassium by various inert gases. He separated the atoms from 
the molecules by deflecting them in a strong inhomogeneous magnetic field. 2 
Although he has not published complete results, he has shown that the cross 
sections are very nearly the same for the two types of particles. For example, 
in the cause of potassium, the ratio a„ 10 i./<r a tom varies from 1.20 to 1.36. 

V. SURFACE PHENOMENA 

As has been mentioned, many investigations have been made on the character 
and behavior of the deposit produced by the condensation of a molecular beam. 

1 Compare Lewis, page 60. 
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Following Langmuir, it was assumed that, at least in the majority of eases, an 
atom striking a surface was adsorbed for a time and then reevaporated at random. 
Holst and Clausing (08) devised a molecular-beam method of measuring the 
time of adsorption, but were able to show only that it was very small. Yeszi 
(251), with an improved apparatus, reflected a beam of heavy atoms from an olive 
oil surface moving rapidly at right angles to the beam. The last slit was in a 
large thin metal sheet kept cool with liquid air, and was just 2 mm. from the oil 
surface. Particles leaving this surface, either by reflection or recmission after 
adsorption, were condensed on the cold plate. After taking into account the 
sidewise impulse given to the particles by the moving surface, Yeszi found it 
possible to calculate the time of adsorption on the oil from the shape of the 
deposit. 3 For zinc and bismuth he found times of the order 10 5 to 10~ J see. 

]»eeck (11) has determined the relative accommodation coefficients with 
respect to argon of various hydrocarbons at a nickel surface. He measured the 
sensitivity of a Pirani gauge used to detect the hydrocarbon beams as a function 
of the oven pressure, and extrapolated to zero oven pressure. By applying the 
Knudsen formula for the heat conducted by a gas at low pressure, both for the 
hydrocarbon with unknown specific heat and for argon, he was able to calculate 
the relative accommodation coefficients. By assuming that their actual value 
tends to unity for the more massive molecules, he was able to obtain absolute 
values for his whole series. This iissumption also led to some information about 
the variations of specific heat with mass. As a check, it was found that the 
results for hydrogen were in good agreement, with previous measurements. 

The molecular-beam method is excellent for producing uniform thin films of an 
easily condensed material on a cool surface. It has therefore been used several 
times in the studies of such films. One can calculate the thickness of a layer laid 
down in a given time from a knowledge of the intensity of the beam if he assumes 
that the molecules are spaced as they are in the bulk. Mayer (102), following 
the previous work of Brady (20), investigated the photoelectric properties of thin 
films as a function of their thickness. He deposited a film of potassium on a 
platinum foil. In order to te*t the constancy of the beam over a period of time, 
he used the receiver as the filament of a Taylor surface-ionization gauge and 
measured the ionization current. Saturation current was reached when the 
foil was hot enough. Mayer was thus able to calculate the intensity of his beam 
by assuming that the efficiency of ionization was 100 per cent. He found that if 
he outgassed the potassium and the platinum carefully, the photoelectric emission 
stimulated by a quartz mercury lamp increased strictly linearly with the time 

a In this work it was found that cadmium and thallium were immediately reflected 
without being adsorbed. The deposits of these metals showed a remarkable structure. 
Around the central, approximately oval, spot were from six to eight rings showing a doublet 
structure, and entirely separated from each other. Veszi (252) has explained these as 
due to diffraction by the individual randomly oriented oil particles. He exhibited a 
photograph of a similar pattern produced by scattering light, with wave length 10* times 
the do Broglie wave length of the atoms, from lycopodium powder 10® times the size of the 
oil particles. This could not possibly be a Bebye-Scherrer pattern, because the slit was 
long and narrow, so that the structure would be smeared out. 
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until a little less than a monatomic layer had been deposited. After this, it 
increased less rapidly, but gave no evidence of a maximum. However, if the 
potassium was not carefully outgassed, the emission showed a maximum at the 
same thickness where the other curve broke. The secondary electron emission 
stimulation by electron bombardment was studied by Mayer in a similar manner. 
Johnson and Starkey (107) made measurements of the same type on the electrical 
conductivity of thiri films of mercury. Starkey (234) has also studied the re¬ 
flectivity of thin films of cadmium for visible light. 

Copley and Phipps (31) have used the molecular-beam method to measure the 
surface ionization of potassium on tungsten as a function of temperature. For 
each temperature, they compared the ion current with that from an oxide-coated 
tungsten filament, for, according to Langmuir, the ionization is complete at that 
surface. They found a discrepancy with the theory which they explained by 
assuming that t he work function varies with the temperature (205). Hendricks, 
Phipps, and Copley (90) have applied the same method to the study of the 
surface* ionization of the potassium halides at an oxygen-free tungsten surface. 
For high temperatures (1800- 2400°K.) the molecules were dissociated, the halo¬ 
gens leaving the wire as atoms, and part of the potassium being ionized. For 
lower temperatures, halogen layers appeared on the tungsten. Guthrie (87) has 
done similar experiments with barium. It has an ionization potential (5.16 
volts) larger than that of tungsten (4.5 volts), and therefore should not be de¬ 
tected by a surface-ionization gauge. In disagreement with the theory, however, 
barium is ionized by clean tungsten. Guthrie estimated that the ionization 
efficiency was about 100 per cent if the temperature of the wire was 2000°K. or 
higher. It has been pointed out by Hay (95) that Pecker, in some unpublished 
work, found efficiencies only about one-third to one-half as great. This is evi¬ 
dently a problem not as yet completely solved. 

VI. DIFFKACTION AND HE FLECTION OF MOLECULAH BEAMS 

In the discussion of surface phenomena (page 217) it was shown that the time of 
adsorption for some atoms is extremely small or even zero. If the de Broglie 
postulate of the wave nature of matter is correct, atoms which are not adsorbed 
will bo reflected specularly , provided the projections of the unevennesses of the 
reflecting surface upon the beam direction are less than the wave length. Any 
surface will give specular reflection if the glancing angle is small enough. The 
existence of this type of reflection is inferential proof of the wave nature of the 
beam particles. 

In 1927, Knauer and Stern (133) obtained specular reflection of beams of 
molecular hydrogen and helium from highly polished metal surfaces at grazing 
angles of a few minutes of arc. However, they could find no evidence of diffrac¬ 
tion at a grating ruled on speculum metal. These results were to be expected if 
the molecules had the de Broglie w ave length. They soon announced the specular 
reflection of helium and hydrogen at large glancing angles of incidence from 
cleavage surfaces of sodium chloride crystals. Johnson (109) and Kerschbaum 
(129) showed the same for beams of atomic hydrogen. 
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Since hydrogen and helium have do Broglie wave lengths of the order of an 
Angstrom unit, and since that is also the approximate lattice spacing of the 
alkali halide crystals, these latter should act as diffraction gratings for molecular 
beams. Certainly they will be surface gratings, not space gratings, for there can 
be no penetration of the particles into the crystal. Since' the crystals are of the 
cubic type, they will act as two-dimensional, or crossed, gratings with the 
principal axes at right angles to each other. If the incident beam makes angles 
c*o and /in with these axes, and the diffracted beam angles a and /j with the same 
two directions, then 

cos o — (‘os <Y 0 — h\{\/rf) 

COS fj — COS do — Il2 (\/(/) 

whore d is the grating constant and /q and // 2 are integers, the orders of diffrac¬ 
tion. These equations are, of course, just the ordinary grating law applied 
twice. They are the equations of cones the axes of which are the rulings on the 
grating at the point of incidence of the* beam. There will be diffraction mixima 
where two cones intersect. If one put a sensitive plate* in a position to receive 
the reflected beam of atomic hydrogen, he might expect to find a, spot, repre¬ 
senting the specularly reflected beam, and symmetrically placed around it other 
spot" corresponding to the various orders of diffraction, Unfortunately, this 
will not really occur, for, as was mentioned previously, tin* particles in the beam 
have a wide range of velocities and therefore of wave lengths. Since each wave 
length is diffracted through a different angle, each spot will be spread out into a 
broad band. 

Stern and Knaucr (133) looked for evidence's of the diffraction of hydrogen 
molecules and helium atoms at cleavage surface's of sodium chloride. They used 
as a detector a hot-wire manometer so arranged as to receive successively all the 
diffracted atoms of order (0, dbl). Faint evidences of maxima were found in the 
expected place (239). When lithium fluoride; was substituted for the rock salt, in 
a later experiment of Kstermann and Stern (57), absolute proof of the existence of 
the diffraction of atoms was obtained. The maxima wen* found exactly where 
one would expect them if tin* velocity distribution is taken into consideration. 
This was true for both hydrogen and helium. Further, the maxima were shifted 
in the proper directions and by the proper amount when the temperature of the 
incident particles w as changed. The grating rulings are the rows of like* ions, and 
the grating space which must be used in the calculations is the distance between 
these rows. Thus this constitutes a direct experimental proof of tin; validity of 
the de Broglie relation for heavy particles. Similar results wen; found for atomic 
hydrogen by Johnson (110, 111). 

Not satisfied with this, Estermann, Frisch, and Stern (52) studied the reflec¬ 
tion and diffraction of monochromatic beams. These were produced either by a 
mechanical velocity sorter or by the* use of a double-crystal spectrometer. Using 
a rather cnide mechanical velocity sorter, Stern and his coworkers in Hamburg 
proved the correctness of the wave picture of matter and verified the de Broglie 
relation between wave length and velocity. This simple experiment is thought 
to be one of the most beautiful and direct demonstrations in modern physics. 
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With the double-crystal spectrometer, the atoms diffracted in a particular 
direction from the first crystal have only a small range of wave lengths and there¬ 
fore of velocities. If these are reflected again, the resulting pattern will be much 
more highly resolved than with only a single crystal. Again de Broglie's ex¬ 
pression for the wave length was valid to within the experimental error of about 
1 per cent. Incidentally, these experiments also gave a very good proof of the 
Maxwell law for the distribution of velocities. 

In their further investigations, both Stern and his collaborators and Johnson 
found some unexpected results. The latter (111, 112), who worked with atomic 
hydrogen and detected it with a molybdenum oxide plate, found faint traces of 
diffracted beams very close to the specularly reflected beam. He assumed that 
they were due to a secondary lattice of the type postulated by Zwicky. This 
lattice spacing was estimated to be 100 A. or more. However, even with high 
resolution and almost grazing incidence, he could not separate these secondary 
maxima from the specularly reflected beam. This led him to make the sugges¬ 
tion (113) that the spacing in the secondary lattice is not constant. 

Frisch and Stern (76) found that with high resolution the diffraction patterns 
wen* not smooth curves, as expected, but had reproducible minima. Similar 
effects were found in the curves of reflectivity as a function of the orientation of 
the crystal. Frisch (73) summarized these results as follows: An atom will not 
be specularly reflected whenever a certain very simple (but empirical) relation¬ 
ship exists between the two components of its incident momentum perpendicular 
to the surface and parallel to one of the lattice directions. Furthermore, an 
atom will not be diffracted in such a direction that the same relation would obtain 
between the components of its momentum as it leaves the crystal surface. 

These results were given a theoretical explanation by Lennard-Jones and 
Devonshire (33, 119). They showed that under certain conditions it is possible 
for an atom to be adsorbed by the crystal without change of kinetic energy, in¬ 
stead of being diffracted. The conditions necessary for this selective adsorption 
had the same form as those found empirically by Frisch. From a comparison of 
theory and experiment, Lennard-Jones and Devonshire were able to calculate the 
energies of adsorption of helium at a lithium fluoride surface. These investi¬ 
gators and Lenz (150) and Brandt (21) have calculated the intensities of various 
orders of diffraction maxima; however, no one has as yet performed a sufficiently 
precise experiment on the higher orders which would suffice to substantiate or 
contradict their results. 

Stern and Frisch (70) also found that the reflectivity of lithium fluoride for 
helium differed slightly when they used differently shaped slits. They suggested 
that this also might be due to other beams very close to the specularly reflected 
beam, such as could be produced by diffraction from a secondary lattice. To 
test this latter hypothesis, Bessey (13) investigated the specularly reflected beam 
very carefully, but could find no evidence of a secondary diffraction maximum. 
He found, however, that the specularly reflected beam had a fine structure which 
varied from crystal to crystal and from place to place on the same crystal. This 
could not be a diffraction phenomenon, since the reflection patterns were identical 
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for beams of helium and molecular hydrogen, although the wave lengths were 
different. The simplest explanation is that the crystals, although supposedly 
single, are actually made up of many tiny crystallites tipped at small angles (a 
degree or less) with respect to each other. Such a crystal structure might he 
responsible for the effect found by Johnson. This explanation would seem to 
confirm the work of Renninger (64, 206), who was led to essentially the same 
hypothesis during his study of the reflectivity of rock salt for very narrow beams 
of x-rays. 

Diffraction curves have been definitely found only for helium and for both 
atomic and molecular hydrogen. Best results are obtained with lithium fluoride. 
Zabel (257) showed that with extremely great precautions good results can be 
obtained with rock salt; however, since it is so hygroscopic, the crystal surface is 
soon spoiled. In fact, when the crystal is exposed to water vapor, the diffraction 
pattern changes and various anomalous results are obtained. Zabel tried ex¬ 
periments with neon and argon also, but the results were inconclusive. 

It is not to be expected that diffraction patterns would be found for metal 
beams, for the wave lengths are much smaller than those of hydrogen and helium, 
and are therefore small compared to the lattice spacing. More important is the 
fact that all metal atoms have a tendency to be adsorbed. The results which are 
found agree in certain cases with the cosine law of reflection (255). For ex¬ 
ample, Taylor (244) reflected beams of potassium, lithium, and cesium from 
sodium chloride and lithium fluoride over a wide range of angles of incidence. 
Although he could have detected specular reflection present to one part in 
10,000, he found no trace of it; the angular distribution of the reflected beam 
followed the cosine* law exactly. Kllett and Cohen (42) found the cosine law to 
hold for potassium atoms reflected from magnesium oxide. They made a 
velocity analysis of the reflected beam and found the distribution to be the 
expected one, that corresponding to the temperature of the crystal and not of the 
incident beam. In this case, at least, the mechanism is indeed the one postulated 
by Langmuir, adsorption and consequent n‘evaporation. 

However, in some investigations, intense reflection was found in approximately 
the direction of the specularly reflected beam (44, 45, 46, 47,90, 114, 11.9, 261, 
262). Although there is not complete agreement between the various results, it 
seems that when the crystal surface is carefully prepared and when the diffuse 
background (cosine-law scattering) is subtracted from the total reflection, there 
remains a beam the direction of which does not deviate very much from that to be 
expected for specular reflection. However, this beam is very much wider than 
would be expected from considerations of the geometry involved. 

VII. MAGNETIC DEFLECTION 
A. Theory 

According to theory, every system which has a single angular momentum 
vector j (measured in units of /*/ 2w) has also a magnetic moment n = gj, where 
M is measured in units of the Bohr magneton /i 0 == eh/\vMc , and g is the gyro- 
magnetic ratio in units of e/2Mc. Here M is the mass of the electron. Often a 
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unit called the nuclear magneton is used; it is defined in the same way, except 
that M is in that case the mass of the proton. The quantum number j may have 
integral or half-integral values. If this system is placed in a magnetic field, its 
behavior can be explained by assuming that its angular momentum vector pro¬ 
cesses about the field direction with frequency v — gH (e/2Me). This is the well- 
known Larmor procession. The projection of the angular momentum j upon 
the field direction will have only the 2 j + 1 values =fc/, ±(/— 1), ±(j—2), and so 
on, each designated by quantum number m r The energy of the system will be 
changed by an amount AE = nijhv. A beam of atoms will thus be split in a mag¬ 
netic field into 2 j + 1 parts, each of which is in a separate energy state. We say 
such a beam has been space-quantized. 

If a system has more than one angular momentum vector (such as electron 
orbital momentum, electron spins, nuclear spins, and molecular rotation), the 
magnetic moment, associated with each one will interact with all the rest. This 
interaction is called coupling. When such a system is placed in a magnetic field, 
the resulting motion of the momentum vector is very complex. However, if the 
energy changes produced by the field are large compared to those due to the 
coupling, that is, if the field is strong enough, the individual angular momentum 
vectors will process independently about the field direction. In fields which are 
not strong, one may use the perturbation method to calculate the energy changes. 
In any case the force in a certain direction on a system in a magnetic, field is equal 
to the directional derivative of the energy change produced by the field. 

In the following, we shall use the usual notation: in units of h/2ir y j is the total 
extranuelear angular momentum, i is the nuclear spin, and/ is the resultant of the 
two. The projections of each of these on the field direction are denoted w,-, 
m„ and m. 


B. Electronic moments 

After the power of the molecular-beam method for the measurement of the 
magnetic properties of atoms and molecules had been demonstrated by Stern and 
Gerlach (80), many investigations of magnetic moments were made. Although 
in recent years the emphasis has been on nuclear measurements, there have been 
several important studies of electronic moments. 

In 1933, Meissner and Scheffers (105), at the Reichsanstalt in Berlin, made a 
determination of the atomic moments of lithium and potassium. With the 
wedge-slot field such as was used by Stern (151) in Hamburg, the results for both 
materials were identical, i.e., (0.910 ± 0.005) X 10" 20 c.g.s. units for the Bohr 
magneton. The limit of error seems to be a bit optimistic, in view of the large 
amount of scattering of the beam which would distort the Maxwell velocity dis¬ 
tribution. 

In 1938, Ramsey and Kellogg (127) passed beams of helium, argon, and neon 
through magnetic fields with extremely high inhomogeneities. As was to be 
expected, these atoms exhibited no magnetic property beyond that attributable 
to their diamagnetism. 

Certain molecules have an electronic magnetic moment; examples are oxygen 
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and nitric oxide. Van Vleck (249) has worked out the theory of space quantiza¬ 
tion for these molecules. The problem was attacked experimentally by Simpson 
(232) and Sehnurmann (224) independently. They found that the beam be¬ 
haved qualitatively as expected, but that there was a strong; interaction between 
the rotation and the electronic angular momentum. Their results were similar, 
indicating that the prediction of Van Vleck would not be valid until much higher 
fields were obtained. 

Recently, Stern (56, 240) and his colleagues in the Molecular Physics Research 
Laboratory began working on a new precision method of measuring the Rohr 
magneton. In principle, it is very simple; it consists merely in balancing the 
gravitational force on a very long beam by an upwards magnetic force (produced 
by the inhomogeneous field surrounding a conductor of electric current). Thus 

N» ~ = Nmg 

where A r is Avogadro’s number, m is the mass of the atom, and g is the accelera¬ 
tion of gravity. Since g, A r w, and dlf/dX are well known, it should be possible to 
obtain a very precise value of the molar magneton Np = Nch/^wmc. F = Ne 
and r are known very accurately; therefore we have here a method of obtaining 
h/m precisely. This general method of the molecular balance should be very 
powerful. For instance, Stern (241) has suggested that one could get complete 
separation of isotopes by balancing a magnetic force against a centrifugal force. 

C. Requantization 

It is of interest to inquire as to the effect on a space-quantized beam of passing 
it through a magnetic field. Will requantization take place, or will the atoms 
remain in the. same states? The first experiments on this problem were per¬ 
formed by Stern and his collaborators (75, 186) in Hamburg. They selected one 
component of a beam which had been split in a Stern-4 lerlach apparatus, passed 
it through a field which changed direction along the path of the beam, and 
analyzed it in a second inhomogeneous field. When more than one maximum 
was found, it was obvious that requantization had occurred. 

Special cases of this problem have been treated theoretically by (iultinger 
(88), Majorana (155), and others (181, 192, 211, 228). They showed that if the 
transition is adiabatic, the atom which was processing in the first field will process 
in the same way in the second field. However, in the case of non-adiabatic 
transitions, that is, in case the time during which the field changes direction is of 
the same order of magnitude or less than the time for the Larmor precession, there 
will be a reorientation of some of the atoms. In the simple case of the alkalies, 
where only two states are possible, these reoriented atoms may be said to have 
“turned over” 4 from the original state to the other one. The results of the ex¬ 
periments in general agreed with the theory. 

4 Because these “turning over” experiments were first performed by Phipps, they are 
known familiarly as the Phipps flops. 
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At present Winslow, in Stem’s laboratory, is continuing experiments to ex¬ 
amine the effect, if any, of the presence of paramagnetic scattering gases on the 
amount of reorientation. Rabi and his colleagues have used non-adiabatic 
transitions very effectively in their recent measurements of nuclear magnetic 
moments. 


D . Nuclear moments 

Stern (238) had already predicted in 1926 that the molecular-beam method 
could be applied to the measurement of nuclear magnetic moments. Since these 
have magnitudes about 1/2000 those of the electronic moments, the problem is, 
of course, very difficult. If substances with the latter are used, the deflections 
due to the nuclear moment will be only of the order of 0.1 per cent of the total 
deflection and will not be easily observable. One method of avoiding this is to 
measure the very small deflections of molecules with zero electronic moment. 
This method was applied to hydrogen by Estermann, Frisch, and Stern (53, 58, 
60, 61, 62, 77). The total nuclear moment of a hydrogen molecule will be either 
zero or twice that of the proton, depending on whether it is of the para or ortho 
variety. The experiments were performed with hydrogen at the temperature of 
liquid nitrogen in order to reduce the complications due to the presence of rota¬ 
tional magnetic moments. These are of the same order of magnitude as the 
nuclear moments and are obtained to a sufficient degree of approximation from 
the deflection of pure para-hydrogen in the higher rotational states and a knowl¬ 
edge of the population of these states. The results of the first measurements 
were very surprising; the moment of the proton was two and one-half times as 
great as expected. 

These experiments were continued and refined in this country. In the final 
work, besides beams of ortho-hydrogen, beams of HD were used (54), because the 
populations of the higher rotational states are small. The proton moment could 
be calculated from the ratio of the beam intensities at the undeflected position 
when the field was on and when it was off. This calculation depends upon a 
knowledge of the geometry of the slit system, the validity of the Maxwellian 
velocity distribution, the value of the inhomogeneity of the field, and the ap¬ 
proximate values of the deuteron and rotational magnetic moments. To elim¬ 
inate any deviations from the assumed velocity distribution, measurements were 
taken for various residual scattering pressures and extrapolated to zero pressure. 
The inhomogeneity was measured by three methods: the variation of the re¬ 
sistance of a bismuth wire with field strength, the force on a piece of bismuth 
suspended in the field by a quartz fiber, and by the use of a flip-coil. The values 
of the deuteron and rotational moments come in only as small corrections and 
therefore do not need to be known very precisely. As their final result, Ester¬ 
mann, Simpson, and Stem (54, 55) obtained for the proton moment the value 
2.46 =t 3 per cent nuclear magnetons; the deuteron and rotational moments are 
roughly one-third as great. 

In 1931, Breit and Rabi (23) published a molecular-beam method of deter¬ 
mining both the nuclear spin and the hyperfine structure separation. From a 
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knowledge of these two quantities, one may calculate the nuclear magnetic 
moment by using equations of Goudsmit (83) and Fermi and Segr6 (65). How¬ 
ever, these calculations depend upon the evaluation of wave functions at the 
nucleus, and are therefore only approximate except in the case of the hydrogen 
atom, the wave function of which is exactly known. The method is based on a 
deflection in a field sufficiently weak that the electronic and nuclear spins are still 
coupled to some extent; that is, the electronic angular momentum and the 
nuclear angular momentum are not quantized separately, and therefore do not 
precess about the field direction independently of one another. 

Rabi (197, 198, 202) first applied this method to the hydrogen isotopes. In 
these measurements he used beams of atoms, deflecting them in a weak magnetic 
field and detecting them with a molybdenum oxide plate. He obtained in this 
way a value of the proton moment of 3.25 db 10 per cent nuclear magnetons, thus 
confirming the extremely high value of Stern. This experiment can not be 
considered as anything more than preliminary work. However, it has one 
notable feature: the weak magnetic field was produced without iron, by passing 
very large electric currents through two long water-cooled copper tubes placed 
parallel to the beam path. The field was thus absolutely calculable. 

Rabi (28) soon introduced a refinement into his experimental method which 
simplified the calculations considerably and which made the results independent 
of the velocity distribution in the beam. Consider atoms with electronic angular 
momentum 1/2 and nuclear spin i. Then there will be two possible states with 
total angular momentum / = i + 1/2 and / = i — 1/2. These states will be 
separated by an energy AW = hcAv, where Av is the hyperfine structure separa¬ 
tion which can be obtained spectroscopically in certain cases. 6 If now the atoms 
are placed in a magnetic field, their energies will be changed and each of the two 
states will be split into 2/ + 1 separate levels of equal probability and designated 
by total magnetic quantum number m. The atoms in each of these states will 
have effective moments Hm (in units of the Bohr magneton /z 0 ) which depend upon 
the amount of coupling between the nuclear and electronic spins, that is to say, 
upon the field strength H. The effective moment is given by the formula 

2m/(2i + 1) + x 

Mm [1 + 4mx/(2i + 1) + X 2 ] 1 ' 2 " 0 

Here z is equal to (2/io H)/(hcAv). In this formula the nuclear moment has been 
neglected with respect to the electronic moment. The different signs refer to 
the two original degenerate / states. If the nuclear magnetic moment is in the 
same direction as the nuclear spin (positive moment), then the positive sign 

1 Here we see the superiority of the molecular-beam method. If Ap is very small, it is 
impossible to resolve the lines of the spectrum. However, as Stern has pointed out, it is 
always possible, by making a molecular beam long enough, to resolve two components 
which suffer different deflections. We can see this by applying the uncertainty principle 
in the form AWAt ~ h. If the particles have an average velocity v, then the time of flight 
through the distance L is L/v; therefore the length L necessary for separation will be of the 
order (i hv)/W . 
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refers to the state / = i — 1/2. Figures 1 and 2 show plots of nm/n o against 
x for the cases i = 6/2 and i = 7/2 under the assumption that the nuclear 
moment is positive. The dotted lines refer to the 2/+1 states for/ *= t — 1/2. 
If the nuclear moment is negative, the figure will be exactly the same, except 
that the effective moment corresponding to each state will be reversed in sign. 

As can readily be seen, for certain values of x, that is, for certain values of H y 
some of the states will have effective moments equal to zero. This is true when 



Fig. 1 . Effective magnetic moment versus field strength. Nuclear moment assumed 
positive. Case I: i « 7/2. 

x = (—2m)/(2t + 1). If the magnetic field is inhomogeneous, all the atoms ex¬ 
cept those with zero moment will be deflected. The number of different values 
of x for which this can occur depends upon the value of i . For the cases shown 
in the figures there are three such zero moments; for the cases i = 4/2 and i 
= 5/2 there are two, and so on. From the determination of the relative x 
values (relative H values) and the number of zero moments it is possible to 
specify the spin exactly. It is then a simple matter to determine the absolute 
value of x for one of the states, and therefore the hyperfine structure separation. 

Experiments of this type were performed by Rabi and his colleagues (67,166). 
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The resolving power of the apparatus was very high; the atoms with non-zero 
moments were deflected enough so that they missed the detector completely. 
Values of the nuclear magnetic moments were obtained by means of the Goud- 
smit-Fermi-Segr6 formulas (65,83). All the alkali metals, atomic hydrogen and 
deuterium, indium, and gallium were studied in this way. For the cases in 
which the nuclear spin was 3/2 or less, the actual procedure was a little more 
complicated than indicated above, but the principle was essentially the same. 



Fig. 2. Effective magnetic moment versus field strength. Nuclear moment assumed 
positive. Case 2: i = 6/2. 

The results in general agreed with the spectroscopic values, where these were 
known. The case of hydrogen is of especial interest; the proton moment was 
found to be 2.85 nuclear magnetons, a value considerably higher than that found 
by Estermann, Simpson, and Stern. This method is applicable to mixtures as 
well as to pure substances and has, therefore, been used to measure the moments 
of isotopes without separating them (190). 

Two important extensions of this method were made. The first (178, 191) 
permits a determination of the sign of the nuclear magnetic moment. As was 
pointed out previously, if a beam of atoms is passed through an inhomogeneous 
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magnetic field, it is split into a number of overlapping beams, the Zeeman com¬ 
ponents of the two original states. It can easily be seen from the figures that, if 
the field is very strong, the deflection pattern will have two components, cor¬ 
responding to the two possible orientations of the electronic moment. However, 
if the field is rather weak, the different components will all have different de¬ 
flections. For simplicity, let us consider a field of such a magnitude that the 
parameter x has a value about equal to unity. In this case, all the atoms in the 
state/ — i — 1/2 have effective moments of the same sign, and will therefore be 
deflected in the same direction. All the atoms in the state / = i + 1/2 except 
those for which m = —/ are deflected in the opposite direction. We do not, of 
course, know which group of atoms has the positive effective moment. Let us 
choose one of the components for which m = — (/ — 1) by means of a selector slit 
and pass it through a weak field varying non-adiabatically. Transitions will 
occur, subject to the selection rule A/ = 0 (181). Now pass the beam through 
such a strong field that there is complete uncoupling and the effective moment is 
only ± mo. If we had picked a component of the state with the smaller value of 
/, corresponding to a dotted line in the figure, we would now find only one max¬ 
imum in the deflection pattern. This is because all the components of this state 
had originally a deflection in the same direction, and transitions can not occur 
which give deflections in the opposite direction. However, if we had picked a 
component of the state with f = i + 1/2, corresponding to a solid line in the 
figure, we would find two maxima in the deflection pattern, because some of the 
transitions would have been to the state with m — —/, which had an effective 
moment and consequently a deflection of the opposite sign. From a knowledge 
of the quantum number / and the sign of the atomic moment, one can tell the 
sign of the nuclear moment. Rabi and his collaborators showed that all the 
nuclear moments studied by this method were positive. 

The second important extension (192) of the zero moment method was to 
increase the resolution to such a point that the nuclear magnetic moment was no 
longer negligible with respect to the electronic; moment. In this case the nuclear 
moment can be determined directly. Millman, Rabi, and Zacharias (176) 
studied beams of indium in this way; detection was with a Taylor surface-ioniza¬ 
tion gauge using an oxide-coated filament. They found it necessary to use iron 
fields again; the fields produced by the long wires parallel to the beam did not 
give large enough deflections. However, instead of using the bulky magnet with 
the wedge-slot pole pieces of Stern and Gerlach, they used one which was small 
enough to go into the vacuum system, was easily constructed, and for which it 
was not difficult to calculate the inhomogeneities. This consisted of a long piece 
of Armco iron tubing with a slot cut in it lengthwise; in the slot were fitted pole 
pieces of simple design. The iron was magnetized by passing large currents 
through four turns of water-cooled copper tubing. 

Zero moment peaks were found, not only for the normal 2pi/ 2 state, but also 
for the metastable 2p 3/2 state. It was suggested that careful examination and 
location of these peaks would give information on the interval rule and the mag¬ 
nitude of the nuclear quadrupole moment. This latter was actually measured in 
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this way by Hamilton (89); later Renzetti (207) did the same thing for gallium. 
It is interesting to note that Stem had predicted such measurements twelve 
years before (238). 

In 1937 Rabi (193) published the theory for a more elegant method of de¬ 
termining both the sign and the magnitude of the nuclear magnetic moment in 
cases where the nuclear spin is known (16, 26, 242, 246). This method is ab¬ 
solutely independent of the velocity distribution in the beam, and necessitates 
only measurements of frequencies in the radiofrequency range and magnetic 
field strengths. It is relatively insensitive to nuclear transitions in systems with 
electronic angular momentum, and therefore has usually been used to study 
beams of molecules with zero electronic moment. However, extensions have 
been made to atomic beams; from a study of these it is possible to learn something 
about their spectra in the radiofrequency range. 

Suppose a molecule with zero electronic moment is placed in a magnetic field 
Ho which is strong enough to uncouple all moments of nuclear magnitude but 
which is too weak to uncouple the electronic spins. The original energy state 
represented by the nuclear quantum number i will be split in the field into 
(2 i + 1) states, each designated by a quantum number m. This means that the 
angle of precession between i and 7/ 0 will be different for the atoms in different 
states, and therefore the effective moments will be different. If now we apply, 
perpendicular to the original field, an additional small magnetic field 11 x which 
rotates with the frequency /, the probability can be calculated for transitions 
between states mi and ra 2 . This probability is very small, except when the direc¬ 
tion of rotation is the same as the direction of precession and the frequency is 
very close to the Larmor frequency v; the maximum occurs when / = v. The 
frequencies necessary are of the order of a few kilocycles. 

Rabi’s method is very simple indeed. A beam is sent through a strong field 
Ho with a superimposed weak rotating field Ih and a combination of field strength 
Ho and frequency is found which produces the largest number of transitions. 
Then this frequency is the Larmor frequency corresponding to the magnetic 
moment being studied. From a knowledge of the field, the frequency, and the 
angular momentum, the moment can easily be calculated. The direction of 
rotation of the weak field gives immediately the direction of the precession and 
therefore the sign of the magnetic moment. 

In order to put this method into practice, Rabi gave up the rotating field and 
used an oscillating one instead. The frequency of oscillation plays the same 
r61e as the frequency of rotation in the theory outlined above. The experi¬ 
mental details are as follows (201): The molecular beam passes through a strong 
inhomogeneous magnetic field and is therefore deflected. The individual beam 
particles have different effective moments and different velocities; therefore the 
deflections will all be different. The beam now passes through a strong homo¬ 
geneous field and into a second inhomogeneous field exactly like the first, except 
that its inhomogeneity is in the opposite direction. Thus all the particles will be 
given a deflection equal and opposite to the first, so that the beam intensity at the 
receiver is the same as when the fields are off entirely. Now a small oscillating 
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field of variable frequency is applied perpendicular to the middle homogeneous 
field; obviously, if transitions occur, those molecules undergoing such transitions 
will have different effective moments than before, and therefore will not be re¬ 
focussed at the detector by the second field. Thus there will be a decrease in the 
intensity recorded by the detector. The frequency is changed until this decrease 
is a maximum; that is, until the beam intensity is a minimum. When this occurs, 
the frequency is equal to that of the Larmor precession. It is essential for the 
success of the experiment that the three fields be connected together with iron. 
Otherwise, there is a danger that the change from field to field would be so sudden 
as to induce non-adiabatic transitions, which would invalidate the results of the 
experiment. 

Rabi thought at first that by using the oscillating field he was giving up the 
ability to determine the sign of the nuclear moments, because the oscillating field 
is perfectly symmetric. This field was produced by passing an alternating cur¬ 
rent through a hairpin-shaped piece of wire. Millman (167) pointed out, how¬ 
ever, that as a molecule enters and leaves this field, the end effects are exactly the 
same as if the field were rotating. These end effects lead to an assymmetry in 
the intensity-frequency curve which depends upon the sign of the moment. 
(Actually, the prediction is for a second minimum, but the resolution is insuffi¬ 
cient to obtain it.) From this assymmetry the sign can easily be determined. 

The first application of this method was to the alkali metals (200, 203), since 
the Taylor gauge is such a sensitive detector for these materials. The first 
moments measured were those of Li 6 , Li 7 , and F 19 ; these were used in the mole¬ 
cules lithium chloride, lithium fluoride, Li 2 , and sodium fluoride. In every case 
the values off/Ho for the observed minima were constant over wide ranges of the 
magnetic field. This indicates that they are due to nuclear and not molecular 
transitions; the latter would not possess a frequency proportional to the field. 
Two of the minima observed for the three molecules containing lithium were the 
same for all three molecules; these must certainly correspond to the nuclear 
moments of the two lithium isotopes. The deeper one was ascribed to the more 
abundant variety. There was also a common resonance minimum for the two 
molecules containing fluorine; this must of course be due to F 19 . 

Resonance minima are never ascribed to nuclei unless they are found in at 
least two different molecules. Then, if the spins are known, the nuclear moments 
are easily calculated. Since the time of the first publication of this magnetic 
resonance method, Rabi and his colleagues have applied it to a great many 
nuclei, usually in molecules containing an alkali atom, because of the ease of 
detection. 

The one big exception is in the study of hydrogen. In this case gaseous hy¬ 
drogen was used, and detection was by means of the Pirani gauge. Further¬ 
more, because of the fundamental nature of the problem and because of the dis¬ 
crepancy between the previously obtained results, Rabi made a much more 
detailed investigation of the hydrogen molecules than of any others (125,126). 

The calibration of the apparatus, was checked by using dichlorodifluoro- 
methane; the value obtained for the nuclear moment of F 19 , 2.623 nuclear mag- 
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netons, agreed well with the value 2.622 obtained with the previously used ap¬ 
paratus and a surface-ionization gauge. 

The hydrogen experiments were made with H 2 , HD, and D 2 , all at the tem¬ 
perature of liquid nitrogen. At this low temperature the majority of the 
molecules are in rotational states with quantum number j equal to 0 or 1; the 
higher states arc so thinly populated that they can be neglected. H 2 will be 
made up of molecules of para-hydrogen with nuclear spin i = 0 and rotational 
angular momentum j = 0, and ortho-hydrogen with i — \ and j = 1. D 2 will 
consist of three types of molecules with the following (i, j) values: ortho-deu¬ 
terium, (0,0) and (2,0), and para-deuterium (1,1). HD molecules can have any 
combination of spin and rotational angular momentum. The molecules with 
zero spin and zero rotational momentum are not deflected in the magnetic field, 
and consequently behave as inert gases. Thus no results can be obtained from 
para-hydrogen, or from the ortho-deuterium for which i = 0. The ortho-deu¬ 
terium molecules for which i = 2 will behave similarly to alkali molecules. 
Transitions can occur in either direction between the various m states; the fre¬ 
quencies and field strengths corresponding to these transitions give the deuteron 
moment. Similar measurements can be made with HD in the zero rotational 
state; from these may be obtained values of both the proton and the deuteron 
moments. The results are as follows: g H = 2.785 =fc 0.02 nuclear magnetons, 
/z D = 0.855 d= 0.006 magnetons. The former value agrees with the previous 
results of Rabi but disagrees with that of Stern. 

To complement these results, Rabi made further measurements of the mag¬ 
netic resonance spectra of molecules not in the lowest rotational state. In 
this case there is an interaction between the spins and the rotation so that the 
simple theory no longer holds; transitions will not occur when the applied fre¬ 
quency is exactly the Larmor frequency, but at small deviations from it. 

Rabi solved the wave equation for the rotating hydrogen molecule in the 
magnetic field, including in the Hamiltonian the interaction of the nuclear spins 
with the applied field, of the rotational moment with the applied field, of each 
nuclear spin with the field produced by the rotation of the molecule, and the 
mutual interaction of the two nuclear moments. For the case of ortho-hydrogen 
in the first rotational state, the energy levels can be expressed in terms of two 
parameters, II', the field at a proton due to the rotation, and H" = /Wr 3 , the 
field at one proton due to the magnetic moment of the other. Here r is the inter- 
nuclear distance. In case the energy term due to the interaction with the ex¬ 
ternal field is large compared to all the other terms, as was true for the experi¬ 
mental arrangement, there are nine levels. These correspond to the three 
orientations of the nuclear spin for each of which three orientations of the rota¬ 
tional moment are possible. 

In performing the experiment the frequency / was kept constant and the 
magnetic field varied. Whenever the field had such a value that the Bohr 
relation hf = E n — E m was satisfied, transitions would occur, accompanied by 
the absorption or emission of radiofrequency radiation. There are rigorous 
selection rules: Am, = =1=1 or Amy = d=l, where m* and m, are the projections 
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of i and,/ in the field direction. These give rise to two groups of six lines each, 
one located at approximately the field such that the applied frequency is equal 
to the Larmor frequency of the proton moment, the other at approximately the 
field such that the applied frequency is the Larmor frequency of the rotational 
moment. For the time being, we shall consider only the former group. 

All six lines (minima in the resonance spectrum) were found experimentally. 
From the changes in the assymmetry of the pattern with frequency, it was 
possible to assign the appropriate quantum numbers to each line. Then from 
the theory and the position of the lines it was a simple matter to calculate the 
constants H' and //". Completely consistent results were obtained, thus in¬ 
dicating that the theory must be essentially correct. To make a real check, 
the value of II” — mhA 8 was multiplied by the average cube of the separation 
of the nuclei, obtained by Nordsieck from band spectra, to give a value of /z H 
identical with that obtained directly from the Larmor frequency. 

The theory which worked so beautifully for the gas ortho-hydrogen should 
also apply to para-deuterium, for everything is the same,—spin, rotational 
angular momentum, and internuclear distance. It is easy to calculate the 
effect of the change of mass on the spacing of the lines. However, the prediction 
does not agree with experiment; there are six lines as expected, but they are 
six times as far apart as they should be. 

Rabi explained this discrepancy by assuming that the deuteron has an electric 
quadrupole moment, the reaction of which with the gradient of the molecular 
electric field tends to increase the separation. This interaction can be repre¬ 
sented by a parameter II'" (in gauss) = — (5e 2 </Q)/(4/z D ), where Q is the 

d 2 V 

quadrupole moment, q is defined by qe = —, e is the electronic charge, and V is 

02 “ 

the electrostatic potential at the nucleus. It turns out that the quadrupole 
interaction is of the same spin-spin type as that between the two deuteron 
moments. Therefore, the theory applied to H* will apply here if the quantity 
Hn is replaced by ( H" + H'") D . As indicated above, one can calculate from 
the proton value what H" should be, and subtract it from the measured value to 
obtain H"\ 

It is possible to obtain H" f directly from similar experiments on HD in the 
first rotational state. Here there are two groups of lines, one of nine components 
near the position of the Larmor frequency of the proton, the other of twelve 
components near that of the deuteron. The analysis is quite similar to that 
discussed above. 

From the experimental value of the quadrupole interaction constant and the 
theoretical value of the field gradient as calculated by Nordsieck (183), Rabi 
computed the quadrupole moment and found that it was 2.73 X 10“ 27 cm. 2 , 
good to about 2 per cent. In every case the values of the proton and deuteron 
magnetic riioments agreed with the previous results. 

Ramsey (204) performed similar experiments with the hydrogens, studying 
the groups of lines near the Larmor frequencies of the rotational moments. He 
outlined a theory showing that the rotational moment is proportional to the 
reduced mass of the molecule. This means that the moments of H 2 , HD, and 
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Da should vary as 4:3:2. The experimental values for the moments in the 
first rotational state are 0.8787 d b 0.0070,0.6601 d= 0.0050, and 0.4406 db 0.0030 
nuclear magnetons, respectively. The value for H 2 agrees with the experimental 
value of Estermann and Stern (53, 58) and with the theoretical values of Wick 
(253) and Brooks (25). A further experiment with para-hydrogen in the state 
j = 2 gave the moment 1.757 =fc 0.014 = 2 X 0.8787 nuclear magnetons, as 
expected. It will be noticed that there is a slight discrepancy in the 4:3:2 
ratio. It was persistent, and always in the direction of smaller moments for the 
lighter molecules. This might indicate an effect of the zero state vibrational 
motion upon the mean separation of the nuclei. 

Ramsey\s analysis of the fine structure of the spectra confirmed completely 
all of Rabi's previous work on the interaction constants of H and D. He carried 
the interpretation still further, and deduced the high-frequency contribution to 
the diamagnetic susceptibility of H 2 , and the dependence of this susceptibility 
upon the orientation. 

Recently Rabi and his colleagues (144, 145, 172) extended the magnetic 
resonance method to the study of the radiofrequency spectra of atoms , in order 
to determine the hyperfine structure separations. Most of the experimentally 
observed hyperfine structures of atomic ground states lie in the radiofrequency 
range. The life-times of these energy states are very long, and consequently the 
intensity of spontaneous emission is low. Therefore, direct optical observation 
of the radiation is difficult. However, if an atom is irradiated with electro¬ 
magnetic radiation of the proper frequency and intensity, it will either absorb 
or emit a quantum of this frequency. This change of state will cause a reorienta¬ 
tion of the atom in a magnetic field, and can therefore be detected by the mag¬ 
netic-resonance method. This gives extremely high resolution; thus it is superior 
to optical methods and to the method of zero moments. 

In performing experiments of this type two cases must be considered: In the 
first, the central homogeneous field is very weak; therefore the energy states 
of atoms with angular momentum / are split into 2/ + 1 levels. Transitions 
will occur subject to the selection rules Af = 0, db 1; Am = 0, db 1. For weak 
enough fields, the center of gravity of the spectral pattern is the hyperfine struc¬ 
ture separation Av. In the second case the middle field is very strong. Here 
transitions give rise to lines the frequencies of which are independent of the field 
strength, and approach the limit Av/(2i +1). This enables measurements to 
be made at a more convenient range of frequencies. Both cases lead to the 
same results. 

For example, in the case of K 39 the Zeeman pattern was well resolved at a 
magnetic field of 0.05 gauss. The hyperfine structure separation determined in 
weak fields is (461.75 d= 0.02) X 10° sec.- 1 , or 0.015403 cm.- 1 ; that measured 
in strong fields (3950 gauss) is (461.75 =b 0.02) X 10 6 sec. -1 This precise agree¬ 
ment shows that the quantum-mechanical expressions for the variation of the 
magnetic levels in external magnetic fields must be accurate to at least one part 
in ten thousand. Thus one can use the Zeeman effect to calibrate a magnetic 
field for other purposes, such as the more exact measurement of nuclear moments. 

One of the most important results from these studies is the value of the ratio 
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of the hyperfine structure separations of the lithium isotopes (145). From this 
value can be calculated the ratio of the nuclear magnetic moments on the assump¬ 
tion that only electromagnetic interactions between the electrons and the nu¬ 
cleus have an effect on the atomic energy levels. The value obtained in this way 
is M 7 /M 6 = 3.9610 dt 0.0004. The directly determined value, from molecular- 
beam experiments, is 3.9601 ± 0.0015. This indicates that the assumption is 
valid. In the case of rubidium, the agreement is not quite so good: 2.0261 dr 
0.0003 for the atomic-beam value (172),—Millman and Fox (168) obtained 
2.026 by the method of zero moments,—and 2.238 dr 0.010 for the molecular- 
beam value. Millman and Kusch point out that because of the great experi¬ 
mental difficulties of the latter experiment, the discrepancy does not give con¬ 
clusive evidence of a non-electromagnetic interaction between the electron and 
the nucleus. 

During the past year, Millman and Kusch (173) have combined the atomic- 
and molecular-beam magnetic-resonance experiments to obtain more precise 
values of the nuclear magnetic moments. The accuracy of all the previous 
moment measurements was limited by the uncertainty of the strength of the 
homogeneous magnetic field in which the transitions took place. It was pos¬ 
sible to obtain moment ratios much more accurately than the moments them¬ 
selves, for these depend on a frequency ratio in a constant magnetic field. How¬ 
ever, the studies of the radiofrequency spectra show that it is possible to make 
very precise measurements of the hyperfine structure separations from lines 
the positions of which are practically independent of the field. The frequencies 
of lines arising from certain other transitions show a very marked dependence 
upon the field strength and the hyperfine structure separation, a dependence 
the mathematical form of which is known. Thus it is possible to calculate the 
field strength from the frequency of the spectral line (see reference 185 for a 
justification of this calculation). 

Millman and Kusch calibrated the field and measured the nuclear moments in 
the same experiment. They used an oven with two compartments connected 
only at the slit. In one was placed the substance (Na 28 , Rb 85 , or Cs 183 ) used 
for measuring the field; in the other, the compound containing the nucleus the 
moment of which was desired. This compound contained also, in every case, an 
alkali atom, so that the Taylor gauge could be used as the detector. 

For the important case of hydrogen, the beam consisted of sodium hydroxide 
or potassium hydroxide. The magnetic field was kept at a constant value, and 
the frequency changed so as to get the minimum corresponding to the Larmor 
frequency of the proton moment. Before and after every experiment, the field 
was calibrated by running through the radiofrequency spectrum of one of the 
reference materials. The value obtained in this way for the proton moment 
was 2.7896 ± 0.0008 nuclear magnetons. This value was multiplied by the 
previously obtained ratio of the deuteron and proton moments to give the former 
a magnitude of 0.8565 ± 0.0004. The difference between these two is —1.933 ± 
0.001 nuclear magnetons, a result to be compared with the neutron moment of 
— 1.935 ± 0.02 obtained by Alvarez and Bloch (1). 
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TABLE 1 


Nuclear moment values obtained by molecular-beam methods 


NUCLEUS 

i 

A* 

M 

SIGN 
OF fJ 

I METHOD* 

DATE 

REFERENCE 

H 1 

1/2 


2.5 ± 10% 


D 

1933 

i (53,58,77) 




3.25 ± 10% 


D 

1934 

(107) 



0.0482 

2.85 ± 0.15 

+ 

Z 

1936 

1 (121, 122, 199) 




2.46 ± 3% 


D 

1937 

' (55) 




2.785 ± 0.02 

+ 

M 

1939 

> (124, 125) 




2.7896 ± 0.0008 


MA 

1941 

(173) 

H* 



0.7 


D 

1933 

i (60, 61, 62) 


2/2 




S 

1933 

1 (152) 


2/2 




S 

1934 

(182) 




0.75 db 0.2 


D 

1934 

(198) 



0.0108 

0.85 ± 0.03 

+ 

Z 

1936 

• (120, 122) 




0.855 ± 0.006 

+ 

M 

1939 

1 (124, 125) 




0.8565 ± 0.0004 


MA 

1941 

(173) 

Li 6 

>2/2 


0.5-0.8 


Z 

1935 

(67) 




0.6±0.2 

+ 

s 

1936 

(226) 


2/2 

0.0077 

0.85 


z 

1936 

(157, 158) 





+ 

z 

1938 

(82) 




0.820 dr 0.005 


M 

1938 

(200, 201) 






M 

1939 

(167) 



0.007613 



A 

1940 

(145) 




0.8213 db 0.0005 


MA 

1941 

(173) 

Li 7 

3/2 


3.29 


S 

1932 

(84) 


3/2 




8 

1933 

(86) 


3/2 

0.0267 

3.20 


Z 

1935 

(67) 




3.33 


T 

1936 

(7) 





+ 

Z 

1937 

(178) 




3.250 ±0.0016 


M 

1938 

(200, 201) 





+1 

M 

1939 

(167) 



0.026805 



A 

1940 

(145) 




3.2532 ± 0.0015 


MA 

1941 

(173) 

Be 9 

3/2? 


1.176 ±0.005 

- 

M, MA 

1939 

(142, 173) 

B 10 

2/2? 


0.598 ± 0.003 

+ 

M, MA 

1939 

(173, 175) 

B“ 

3/2? 


2.686 ±0.008 

+ 

M, MA 

1939 

(173, 175) 

C 13 

1/2 




T 

1940 

(99) 




0.701 ±0.002 

+ 

M 

1940 

(93, 95) 


■ 


<0.2 


S 

! 



1 



+ 

M 

SB 



■ 


■ 


MA 



N M | 

1/2 


0.280 ± 0.003 

?? 

M, MA 

1940 

(173, 260) 
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TABLE 1 —Continued 


NUCLEUS 

i 

A* 


SION 
OF M 

METHOD* 

DATE 

SEFEKENCE 

pis 

1/2 


2.622 (with 


s 

1929 

(79) 




Taylor gauge) 
2.623 (with 


M 

1938 

(200, 201) 




Pi rani gauge) 


M 

1939 

(124, 125) 





+ 

M 

1939 

(167) 




2.625 =fc 0.003 


MA 

1941 

(173) 

Na“ 

3/2 




D 

1933 

(195, 196) 


3/2 




S 

1933 

(106) 


3/2 


~2.6 


S 

1933 

(248) 


3/2 




s 

1934 

(43, 148) 


3/2 

0.0596 

2.08 


z 

1935 

(67) 





4- 

z 

1937 

(245) 




2.216 

+ 

M 

1938 

(143, 170) 



0.059103 



A 

1940 

(172) 




2.215 db 0.002 


MA 

1941 

(173) 

Al 17 

9/2 


3.6-4.1 


S 

1938 

(104) 


5/2 


3.7 


s 

1938 

(97) 


5/2 


3.630 db 0.010 

+ 

M, MA 

1939 

(171, 173) 

Cl« 

5/2 




S 

1930 

(48) 




1.368 db 0.005 

+ 

M, MA 

1939 

(140, 141, 173) 

Cl 87 

5/2 




S 

1940 

(229) 




1.136 ± 0.005 

+ 

M, MA 

1939 

(140, 141, 173, 








230) 


3/2 

0.0152 

0.38 


Z 

1934 

(166, 169) 




0.10 


T 

1935 

(81) 


>3/2 


0.43-0.47 

- 

S 

1935 

(102, 103) 


3/2 

0.0154 

0.397 


z 

1935 

(67) 





+ 

z 

1937 

(245) 



0.0156 

0.3-0.4 

+ 

s 

1937 

(164) 




0.391 ± 0.002 

+ 

M 

1938 

(143, 170) 



0.015403 



A 

1940 

(145) 

R40 

4 


1.290 

- 

M 

1941 

(259) 

K« 

>1/2 




Z 

1935 

(166) 


<5/2 




Z 

1935 

(67) 


3/2 

0.00853 

0.22 

i 

Z 

1936 

(156) 





+ 

Z 

1938 

(82) 



0.008474 



A 

1940 

(145) 




0.215 db 0.002 


MA 

1941 

(173) 

Ga 69 

3/2 




S 

1932 

(27. 100. 225) 


3/2 


2 . H 


z 

1940 

(207) 
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TABLE 1 —Continued 


NUCLEUS 

i 

Ar 

M 

SIGN 

OF m 

METHOD* 

DATE 

REFERENCE 

Ga” 

3/2 




s 

1932 

(27, 100, 225) 


3/2 


2.69 


z 

1940 

(207) 

Rb*‘ 

3/2 




s 

1933 

(101) 


5/2 


1.4 


s 

1933 

(137) 


5/2 

0.1018 

1.44 ± 1% 


z 

1936 

(168) 





+ 

z 

1937 

(178) 




1.8 dh 30% 


Modified Z 

1937 

(176) 




1.340 dh 0.005 

4- 

M, MA 

1939 

(140, 141, 173) 



0.10127 



A 

1940 

(172) 

Rb 87 

5/2 




S 

1933 

(101) 


3/2 


2.8 


S 

1933 

(137) 



0.229 

2.92 ± 1% 


Z 

1936 

(168) 





+ 

z 

1937 

(178) 




2.733 ± 0.009 

+ 

M, MA 

1939 

(140, 141, 173) 



0.22797 



A 

1940 

(172) 

In 118 


No trace found 



Modified Z 

1938 

(177) 


9/2 


0.998 X Miis 

+ 

A 

1941 

(92) 

In* 18 



5.3 ± 0.5 


S 

1937 

(227) 


9/2 

0.381 

6.40 ± 0.20 


Modified Z 

1938 

(177) 




5.43 =b 0.03 

+ 

A 

1941 

(91) 

Cs 1M 

7/2 

0.295 



Z 

1934 

(28) 



0.3067 

2.38-3.01 


S 

1935 

(85) 


7/2 




s 

1936 

(138) 


7/2 

0.307 

2.72 ± 1% 


z 

1936 

(168) 





+ 

z 

1937 

(178) 


7/2 




s 

1937 

(66) 




2.558 db 0.007 

+ 

M, MA 

1939 

(139, 143, 173) 



0.30661 



A 

1940 

(172) 

Ba m 

3/2 


0.837 db 0.003 

+ 

M 

1940 

(94 , 95) 

Ba 137 

3/2 


0.936 =fc 0.003 

+ 

M 

mo 

(94, 95) 

(H*)j 


MR = 0.36-0.93 



T 

1933 

(253) 



MR - 0.8—0.9 



D 

1933 

(53, 58) 



MR - 0.8787 ± 0.0070 (j = 1)1 

MR = 1.757 ± 0.014 (j - 2) / 


M 

1939 

(204) 



MR — 0.885 



T 

1941 

(25) 

(H*H») 

MR - 0.6601 =b 0.0050 

M 

1939 

(204) 

(H 8 ), 

MR * 0.4406 =fc 0.0030 

M 

1939 

(204) 

H* 

Q - (2.73 X 10-”) ± 2% cm. 8 

M 

! 1939 

(123, 126) 
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TABLE 1 —Concluded 


NUCLEUS 


METHOD* 

DATE 

KEFEEENCE 

Ga“ 

Q - 1 X 10~“ 

s 

1936 

(225) 


0.20 X 10"“ 

z 

1940 

(207) 

Ga 71 

Q - 0.5 X 10~“ 

s 

1936 

(225) 


0.13 X 10"“ 

z 

1940 

(207) 

In m 

Q = 1.0 X 10~“ 

s 

1936 

(6) 


(0.8 dt 0.2) X 10~“ 

s 

1937 

(227) 


0.84 X 10~“ 

z 

1939 

(89) 


* A « atomic magnetic resonance. 

D = deflection. 

M =» molecular magnetic resonance. 

MA » molecular and atomic magnetic resonance combined. 

S ** spectroscopy. 

T « theory. 

Z = zero moments. 

The proton moment has now been measured more precisely than any other; 
therefore all other moments have been referred to it. Li 7 is used as a secondary 
standard because of the ease of making a beam of these atoms and of detecting 
it. This beautiful and epoch-making work of Rabi and his collaborators has 
brought the accuracy of the value of the proton moment up to that of many 
of the other physical constants. The discrepancy between this value and the 
lower one obtained by Stern and his colleagues may have physical significance, 
although at present it cannot be explained in a completely satisfactory manner 
(233a, 264). 

In table 1 is given a list of all the nuclear moment values obtained by molec¬ 
ular-beam methods. These have not been corrected for the diamagnetism 
of the atoms. The spectroscopically obtained values for the same nuclei are 
given for comparison. 


VIII. ELECTRIC DEFLECTION 

In 1921, Kallmann and Reich (117) suggested that the electrical properties of 
molecules could be studied by a molecular-beam method. Stern (237) also 
pointed out that the same method was applicable to both the electric and mag¬ 
netic cases. The two experiments are similar in principle, but in actual practice 
the former is far more complicated and therefore less amenable to interpreta¬ 
tion. 

In the first place, atoms are so symmetrical electrically that they have no 
electric moment (see later, however). Thus the investigations are almost 
entirely limited to beams of molecules. These molecules will rotate with the 
axis of rotation in any direction whatsoever. We must distinguish, therefore, 
two cases: that in which the electric moment of the molecule is perpendicular 
to the axis of rotation (dumbbell molecules; example, hydrogen chloride) and 
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that in which the moment is not perpendicular to the axis of rotation. In the 
first case, in the absence of a field, the moment will average to zero because of 
the rotation. However, in an electric field the rotation will no longer be uni¬ 
form, and therefore there will be a time-averaged moment proportional to the 
electric field strength. Its value will be from 1/1000 to 1/100 of the permanent 
moment. Since the energy of the molecule in the field, and also its deflection 
in an inhomogeneous electric field, are proportional both to the field strength 
and to the average moment, the deflection and energy will be proportional to 
the square of the field strength. This is the quadratic Stark effect. 

In order to predict the shape of the deflection pattern, one must average the 
individual deflections over all possible velocities of the molecules, all possible 
rotational states, and all possible directions of the axis of rotation. A slight 
consideration will show that the molecular beam will not be split, but will simply 
be broadened. This broadening is not quite symmetric; furthermore, with an 
infinitely narrow beam and detector, it would be found that the position of 
maximum intensity had been shifted by a very small amount. However, as 
ordinarily used, the molecular-ray apparatus has insufficient resolution to detect 
this shift. Nevertheless, from the weakening of the beam as it passes through 
the electric field, it is possible to calculate the electric moment (see 218, 220, and 
Fraser’s book). 

In the above considerations there has been omitted one thing which must be 
taken into account. The electron cloud surrounding the nuclei in the molecule 
will be distorted somewhat by the electric field; therefore there will be an induced 
moment proportional to the field strength. The effect of this will be to displace 
the whole deflection pattern toward the direction of higher inhomogeneity. 

Experiments have been performed on hydrogen chloride (51, 163, 208), the 
alkali halides (70, 210, 217, 256), and vaiious organic molecules (49, 50, 63, 254) 
for the purpose of measuring their electric moments. The apparatus was in 
every case essentially a Stern-Gerlach apparatus. The fields were produced 
either by parallel-plate condensers (188) or by cylindrical condensers with the 
beam passing very close to and parallel to the inner electrode. Quantitative 
measurements were attempted in only a few cases. While the results of various 
investigators do not agree very well, still the disagreement is less than the ex¬ 
perimental error. The values agree roughly with those obtained by other 
methods. 

If the molecular moment has a component parallel to the axis of rotation, the 
moment will not average to zero. Thus there will be a permanent moment, and 
the energy and deflection will be proportional to the first power of the field. 
This linear effect, being of the first order, is, of course, much greater than the 
quadratic effect. The theory has been quite completely worked out by Scheffers 
(220). In practice it can be applied only to symmetric molecules, because the 
shape of the deflection pattern must be known beforehand. That is, the direc¬ 
tion of the moment with respect to the axis of rotation must be known; otherwise 
the interpretation of the deflection pattern is practically impossible. 

The only quantitative molecular-beam experiment on a molecule exhibiting 
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the linear Stark effect was performed by Scheffers (221) on ammonia. He found, 
as he had predicted, that the deflection was linear with the field. However, the 
value of the moment of the ammonia molecule was only one-third that obtained 
by other methods. Scheffers insists that this discrepancy is definitely not due 
to experimental error. 

As has been mentioned, atoms have no permanent moments. However, with 
atoms, just as with molecules, there is the possibility of induced moments. 
Scheffers and Stark (219, 222, 223) deflected beams of lithium, potassium, cesium, 
hydrogen, and oxygen atoms in an inhomogeneous electric field. In every case 
the beam was shifted bodily in the direction of the gradient. Thus, from the 
simple measurement of the displacement, it is possible to calculate the polariza¬ 
bility a = n/E. The values so obtained were of the same order of magnitude 
as the theoretical values, but the agreement was not particularly good. 

IX. MISCELLANEOUS MOLECULAR-BEAM EXPERIMENTS 
A. Life-time of excited states 

Dunoyer’s (38) main application of his method was to the study of spectro¬ 
scopy. He found that if a beam of sodium atoms was illuminated with sodium 
light, it luminesced because of the resonance radiation. The lateral boundaries 
of the irradiated portion of the beam were very sharp, and those in the direction 
of motion were equally distinct. This gave direct proof that the time of excita¬ 
tion was very small, a result in agreement with the Drude theory. 

Koenig and Ellett (136) have actually measured this time for cadmium res¬ 
onance radiation; usually it is of the order of 10~ 8 sec., but in this case spectro¬ 
scopic results led to the belief that it was much longer. They irradiated a part 
of a beam of cadmium perpendicularly with a very narrow ray of the line X 3261. 
This portion was screened from a camera, yet film blackening was found for a 
distance of 4 mm. beyond the illuminated part. The temperature, and there¬ 
fore the average velocity of the beam, were known. From this it was determined 
that the life-time was of the order of 10~ 6 sec. 

B. Spectral lines 

The molecular-beam method has a very great advantage in the field of spectro¬ 
scopy. Because there are practically no collisons in the beam and very little 
mutual interaction, and because the velocities of the beam particles are es¬ 
sentially parallel, there will be practically no pressure broadening of the spectral 
lines emitted by an excited molecular beam. If the light is viewed at right 
angles to the direction of motion, there will also be almost no Doppler broaden¬ 
ing; this alone is equivalent to having a spectral source at a temperature of only 
a few degrees Absolute. Thus such a light source is adapted for studies of the 
hyperfine structure of spectral lines. 

Several methods of exciting the radiation have been used. Bogros (17), 
Dobrezov and Terenin (35), and Jackson and Kuhn (102,104) have used optical 
excitation, and have studied either the resonance radiation itself (emission 
spectrum) or the absorption due to the passage of the original light through the 
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beam. The intensity of the spectrum produced in this way is not very great. 
Bogros and Esclangon (18) increased the intensity very much by stimulating 
emission with a high-frequency discharge. For this purpose it was necessary 
that the beam pass through a low pressure (2 X 10“ 3 mm. of mercury) of argon 
or nitrogen which conducts the discharge. They found the lines to be just 
as sharp as the absorption lines produced in a beam in a good vacuum. Minkow¬ 
ski and Bruck (179) have obtained very high resolution by bombarding a sharp 
beam of cadmium with electrons. Meissner (164) has made some very careful 
spectral measurements on beams of potassium, using optical excitation. A 
value of the nuclear magnetic moment of K 89 was obtained from the hyperfine 
structure which agreed very well with that obtained by magnetic deflection. 

C . Ionization 

Closely allied to the spectroscopic problem is that of the ionization of a beam 
of neutral particles. It is often of importance to obtain a large positive-ion 
current in a good vacuum. This may be done easily with the use of a molecular 
beam. Planiol (187) and Sasaki and Nishibori (216) have developed the method 
in considerable detail. Planiol obtained currents as high as 40 milliamperes 
from the collision of mutually perpendicular rays of cadmium atoms and elec¬ 
trons. Bleakney, Blewett, Sherr, and Smoluchowski (15) and Ditchburn and 
Amot (34) have applied this same technique to obtain ions for a mass spectro¬ 
graph, following the earlier example of Smyth (233). 

Jewitt (105) and Fraser and Jewitt (71) have used a molecular-beam method 
to measure the ionization potential of formaldehyde, the halogen-substituted 
methanes, and the free radicals methyl and ethyl. The beams were passed 
either into a Kingdon gauge or an ionization gauge. Curves were plotted of 
beam intensity against anode voltage and extrapolated to zero to get the ioniza¬ 
tion potential. The results for the free radicals were in agreement with estimates 
made from other methods. 


Z). Degree of dissociation 

As has already been described, Zartman and Ko made an analysis of the 
velocity distribution in a beam of bismuth. They found that in order to 
explain their results, they must assume the presence of diatomic bismuth mole¬ 
cules, and perhaps even Big. 

Lewis (153) has perfected a much more sensitive method of determining the 
degree of dissociation of non-magnetic molecules composed of atoms with a 
magnetic moment. The experiment is very simple. A beam is passed through a 
Stem-Gerlach field and its intensity measured at the undeflected position. 
Then the field is decreased to zero and the intensity determined again. The 
latter measurement is proportional to the total number of particles in the beam; 
the former only to the number of molecules, since all the atoms were deflected 
in the field. If the same process is repeated for a whole range of temperatures, 
it is possible to obtain the degree of dissociation as a function of temperature, 
and from this to calculate the equilibrium constant and the heat of dissociation. 
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Lewis studied the equilibrium of Li 2 , Na 2 , and K 2 in this way. In a similar 
manner Leu (151) determined the heat of dissociation of Bi 2 . 

E. Chemical studies 

Molecular beams have been used by Sasaki (216) and his coworkers in a series 
of chemical studies upon the mechanism of reactions and the direct determination 
of radii of spheres of action between combining atoms. These unique experi¬ 
ments are mentioned because they indicate the power of the method and will 
perhaps suggest other applications. For instance, it might be possible to study 
the rates of some first-order chemical reactions by measuring the decrease in the 
number of particles in the beam as a function of the distance from the source. 
The difficulty due to chain reactions experienced in the ordinary method would 
not appear in the beam method. 

F. Einstein recoil 

Frisch (74) illuminated a very narrow ribbon-shaped beam of sodium sidewise 
with sodium light, and found that the beam was displaced by about the correct 
amount and in the correct direction; when the beam was illuminated edgewise, 
it was broadened a little. This is presumptive evidence of the existence of the 
Einstein recoil. This experiment, although difficult to perform, is very simple 
in principle, and provides another example of the power of the molecular-ray 
method to give results of a fundamental nature. 

G . High-energy beams 

With all the experiments described above, the beams were produced by the 
temperature motions of the gaseous materials, and therefore had velocities ap¬ 
propriate to the temperature of the oven. Recently an entirely new method of 
production of molecular beams has been developed which gives particles of very 
high energy (10, 115, 116, 118, 214, 215). Positive ions are to a large extent 
neutralized when passing through low pressures of the un-ionized gas. It is 
found that very many of them change neither the direction nor the magnitude 
of their velocities during this discharging process. Thus, if a focused beam of 
positive ions is neutralized and then collimated again, and if all the remaining 
ions are deflected to the side, there will remain a beam of neutral particles of es¬ 
sentially homogeneous but controllable velocity. The beams produced in this 
way have energies of the order of a few hundred electron volts; in contrast to 
this, particles at room temperature have energies 1/40 of an electron volt. 

The detection of these beams is not a difficult matter; two methods have been 
used quite successfully. Beeck (12) and others (2, 36, 160, 215) have used a 
thermopile which theoretically could give the absolute intensity. The other 
method, which at present is limited to qualitative results, is simply the measure¬ 
ment of the number of secondary electrons emitted from a negative plate by the 
impact of the molecules (22, 115, 184, 214). 

Amdur and Pearlman (3) have measured the collision cross sections of such 
beams of helium in helium and of hydrogen atoms in molecular hydrogen. The 
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beam energies varied from 200 to 1000 electron volts. With such energies, a 
study of the scattering reveals information about the repulsive forces between 
atoms. They found a marked lowering of the cross sections with increasing 
energies. This is not in agreement with the hard-sphere theory or the theory 
of Lennard-Jones. For the case of helium, they calculated a potential for the 
repulsive force which leads to the observed results. 

Studies have been made by Beeck (8, 9, 12) and Varney (250) on the ioniza¬ 
tion produced in various gases by fast beams. The latter found that the energies 
of the beams must be about three times the ionization potential before ions are 
produced. 

These fast beams can also be used to produce optical excitation. Maurer 
(160) has stimulated emission of thirteen lines of the helium spectrum by 
passing beams of helium atoms through helium. The light intensity was strictly 
proportional to the beam intensity, and, except for the singlet principal series, 
proportional to the pressure. The excitation in the range from a few hundred 
to 6000 volts was very similar to that produced by electrons in the range 0-40 
volts. Gailer (78) studied the excitation of magnesium by helium and hydrogen 
atoms. He found arc and spark lines of magnesium, but no lines of helium or 

hydrogen. This is in agreement with the Dopel impact model. 

% 

In conclusion, the authors wish to express their gratitude to Professor O. Stern 
for his kindness in looking over and discussing the manuscript with them as it 
was being prepared. 
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I. Foreword 

The synthesis of triethylbismuth in 1850 by Lowig and Schweizcr (76) in¬ 
augurated the study of the chemistry of organobismuth compounds. The spon¬ 
taneous inflammability of these trialkyl derivatives limited investigation in 
the field until Michaelis and Polis (84) prepared triphenylbismuth in 1887. 
This aromatic compound was stable in air and could be converted to a pentava¬ 
lent dichloride or dibromide which possessed unusual stability. In 1913, 
Challenger reported the beginning of an investigation on the preparation of 
optically active organobismuth compounds. In the years which followed, up 
until 1934, Challenger and his coworkers (13-27, 118), although they did not 
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accomplish their original purpose, did make contributions of paramount im¬ 
portance in the field of organobismuth compounds. 

The effectiveness of triphenylbismuth, used as a salve, in the treatment of 
canine syphilis was reported by Giemsa (39, 40, 41) in 1923. Two years later, 
Supniewski and Adams (111) and Supniewski (109, 110) prepared a number of 
water-soluble organobismuth compounds for possible therapeutic utilization. 
Bismuth therapy in the past had been based entirely upon the use of colloidal 
bismuth, inorganic bismuth salts, or bismuth salts of organic acids. With 
these, in general, absorption by body fluids was slow and toxicity high. 

The use of water-soluble organobismuth compounds offers new opportunities 
for investigation into bismuth therapy, but the synthesis of these compounds 
presents numerous difficulties. Organobismuth compounds undergo a limited 
number of reactions, and it is rarely possible, starting with known compounds, 
to prepare new derivatives possessing amino, carboxylic, or related groups. Of 
the many reactions reported, the synthesis of organobismuth compounds in 
liquid ammonia (52) and through the decomposition of aryldiazonium chloride- 
bismuth chloride complexes (53) appear to hold most promise. 

II. The Chemistry of Organobismuth Compounds 
a. introduction 

A study of the relative reactivities of organometallic compounds would 
indicate that reactivity, in part, is dependent upon the strength of the carbon- 
metal bond in the organometallic molecule. The organoalkali compounds 
which possess a weak and highly polar bond represent a highly reactive type. 
Hein and coworkers (65a) have demonstrated the highly polar character of these 
compounds by showing their ability to conduct an electric current when dissolved 
in the proper medium. The strength of the carbon-metal bond, and con¬ 
sequently reactivity, may be correlated also with the metallic nature of the 
central atom of the organometallic molecule, since with enhanced metallicity 
the bond becomes increasingly weaker. It has been predicted, therefore, on the 
basis of these generalizations, that Element 87 will form the most reactive 
organometallic compounds. 

In their thorough investigation of the triphenyl compounds of the elements 
of the B family of Group V, Smith and Andrews (106) have observed a definite 
increase in molal heat capacity with increasing atomic weight of the central 
atom. As an explanation of this they have suggested the possibility that the 
greater atomic volume of the element would give the R groups attached to it 
increased freedom of motion and hence less stability. It should be noted, how¬ 
ever, that their data, numerically, give little indication of the difference in 
stability and reactivity between two adjacent members of this family, e.g., 
antimony and bismuth. 

It has been observed that the relative reactivities of many RM compounds 
parallel and may be related directly to the ionization potentials of the cor¬ 
responding metallic atoms (45a). In a given group or subgroup, the lower 
the ionization potential of the metal the more reactive will be its simple organo- 
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metallic compound. There appear to be some exceptions but, by and large, 
this generalization holds true. The ionization potentials for bismuth and 
antimony are not known with certainty, but are given as 8 and 9 volts, respec¬ 
tively. This difference of approximately 1 volt is large when it is seen that 
the difference between the potentials of lithium and cesium is only 1.49 volts. 
Thus the ionization potentials of the corresponding gaseous metallic atoms 
would indicate marked distinctions between the reactivities of organoantimony 
and organobismuth compounds, and this is actually the case. The carbon- 
antimony linkage is extremely stable, whereas the weakness of the carbon- 
bismuth bond is the most characteristic property of organobismuth compounds. 

Organobismuth compounds resemble organomcrcury, organolcad, and organo- 
tin compounds in reactivity. Cleavage reactions with hydrogen chloride and 
trichloroacetic acid, 

,,, rr x Tr , /H() s CCC1 3 C«H 6 + (C«H,)*Bi(),CCCU 

C 6 6 ' 3 + \IIC1 -> Cello + (C„II 6 ) 2 BiCl 

would indicate that tctraphenyllead and diphenylmercury are more reactive 
than triphenyl bismuth and that tctraphenyltin is extremely unreactive (12). 
Cleavage with formic and acetic acids, however, would give triphenylbismuth a 
greater reactivity than diphenylmercury or tetraphenyllead (71). Again, 
diphenylmercury and bismuth bromide yield triphenylbismuth in quantitative 
yields (18), whereas trivalent or pentavalent aromatic bismuth compounds and 
mercuric chloride do not form R 2 Hg compounds (77). Thus, organomercury 
compounds might be considered more reactive than organobismuth compounds, 
since the preparation of a less reactive organometallic compound is accomplished, 
in general, by the reaction between a more reactive organometallic compound and 
a metal halide. The reaction between diphenylmercury and bismuth bromide 
is not a reaction of general application, however, since di-p-tolylmercury, di-p- 
bromophenylmercury, di-o-carbomethoxyphenylmercury, or di-p-carbo- 
ethoxyphenylmercury and bismuth bromide do not yield organobismuth com¬ 
pounds (55). A similar behavior has been noted also by Michaelis and Reese 
(85, 86) and by Hasenbaumer (64) in the reaction between diphenylmercury and 
antimony chloride. The former author's could not obtain organoantimony 
compounds by the fusion of diphenylmercury and antimony chloride alone, or 
in the presence of solvents, whereas the latter obtained traces of triphenyl- 
antimony dichloride and diphenylantimony trichloride from the same reactants 
in dry xylene at 130°C. in a sealed tube. 

Hilpert and Griittner (67) have reported that diphenylmercury and bismuth 
metal at 250°C. in a stream of hydrogen gave a 41 per cent yield of triphenyl¬ 
bismuth, while triphenylbismuth and mercury under the same conditions gave 
but a 25 per cent yield of diphenylmercury. The yield of triphenylbismuth 
in the first experiment may have been higher, since organobismuth compounds 
are cleaved by hydrogen (68). The bismuth compound was not isolated, but 
the residue remaining from the xylene extraction of the reaction mixture was 
analyzed for bismuth. On this basis, organobismuth compounds might be 
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considered more reactive than organomercury compounds. It has not been 
possible to extend this reaction, since di-p-tolylmercury and bismuth metal at 
233°C. yield only free mercury and toluene. Both di-p-tolylmercury and 
tri-p-tolylbismuth are pyrolyzed even at the boiling point of p-cymene. No 
pyrolysis occurs in benzene or xylene, and at these temperatures di-p-tolyl- 
mercury and bismuth metal do not react. With mercury, neither tri-p-tolyl- 
bismuth nor triphenylbismuth yields organomercury compounds when refluxed 
in benzene (55), but under the same conditions triphenylthallium and diphenyl- 
cadmium react with mercury to form diphenylmercury (45a). On the basis of 
cleavage reactions with n-butylmercaptan and selenophenol, Nelson (47, 89) 
has shown organomercury compounds to be less reactive than both organo- 
bismuth and organolead compounds. Further complications arc introduced by 
cleavage reactions with thiophcnol which indicate the order Hg > Bi > Pb > 
Sn (55.) 

As Nelson has pointed out, the reactivity of organolead, organobismuth, 
and organomercury compounds toward the —SH and —ScH groups is anoma¬ 
lous, since these compounds are cleaved more readily by thiols and selenols than 
by more acidic carboxylic acids. He has suggested that a reactivity series 
based on cleavage by acidic hydrogens exclude those hydrogens of the selenol 
and thiol types. It is probable, too, that the tellurols would show the same 
anomalous behavior. 

On the basis of the cleavage reactions with the carboxylic acids, Nelson has 
proposed the order of reactivity Pb > Hg > Bi > Sn, and for cleavage by —SH 
and —SeH compounds, the order Bi > Pb > Hg > Sn. In all probability his 
first series is the more accurate one, although it is the reverse of the Koton 
series, Bi > Hg > Pb, which is based on cleavage by carboxylic acids also. 

It is very apparent, because of these conflicting data, that the term “relative 
reactivities” when applied to a series of organometallic compounds must be 
based on true equilibrium reactions which have been allowed to come to equilib¬ 
rium. This is very difficult with organometallic compounds, where solubility, 
solvent, instability, and diverse unknown but significant factors seriously limit 
the number of suitable reactions. Of the reactions described above, only one 
appears to have a real significance. Hilpert and Griittner (67) made an attempt 
to approach the true equilibrium between triphenylbismuth and mercury, and 
diphenylmercury and bismuth. In the other reactions all that has been meas¬ 
ured is the rate at which a reaction is proceeding. 


Although compounds containing 


^>As—As<^ and ^>Sb—Sb<^ 


groups have 


been prepared, Paneth and Loleit (93) mention only the possible formation of 
bisdimethylbismuth, (CH 3 ) 2 BiBi(CH 3 ) 2 , and bisdiethylbismuth, (C^Hg^BiBi- 
(C 2 H B ) 2 , in the reactions between heated bismuth mirrors and free methyl and 
ethyl radicals. 2 The dimethylbismuth reported by Denham (32) may have been 


*F. O. Rice and A. L. Glasebrook (J. Am. Chem. Soc. 56, 2381 (1934)) have found 
that the methylene radical, prepared by the thermal decomposition of diazomethane, 
will not remove bismuth mirrors. Antimony and arsenic mirrors, however, are removed. 
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bisdimethylbismuth. Ganassini and Santi (38) have prepared this compound 
or its oxide, (CH 3 ) 2 BiOBi(CH 3 ) 2 , by the reaction between sodium acetate and 
bismuth oxide. Blicke, Oakdale, and Smith (7) and Rozenblumdwna and Weil 
(100) were unable to prepare bisdiphenylbismuth by treating diphenylbismuth 
halides with various reducing agents. The probable formation of the diaryl- 
bismuth radical in liquid ammonia has been reported recently (52). For ex¬ 
ample, di-p-tolylbismuth halide and one atom of sodium yield an intensely green 
colored solution. 

(p-CH 3 C 6 H 4 )*BiX + Na -> (p-CH 3 C 6 H 4 ) 2 Bi + NaX 

The addition of a second atom of the metal replaces the green color by a dark 
red color which is characteristic of diarylbismuth sodium compounds. 

(p-CHaCeH^Bi + Na -> (p-CH 3 C 6 H 4 ) 2 BiNa 

The first reaction has been used to prepare a variety of free radicals in liquid 
ammonia (44). 

Compounds containing —As=As— and —Sb=Sb— groups are known, but 
the corresponding bismuth compounds have never been prepared. Bismuth 
compounds with mixed metal-metal bonds, e.g., —Bi==As—, are unstable, 
easily oxidized by air, and decomposed by boiling water (35). Triphenyl- 
bismuth dichloride and copper bronze do not yield (C6H B ) 3 Bi=Bi(C 6 H6) 3 , even 
though pentavalent bismuth compounds like (Aryl) 3 BiX 2 possess unusual 
stability (19). Phenylbismuth dibromide and copper bronze yield only tri¬ 
phenyl bismuth (18). 

No bismuth compounds analogous to the aromatic arsonic and stibonic acids, 
RAsO(OH) 2 and RSbO(OK) 2 , have been prepared. Actually, H 3 Bi0 3 is a 
moderately strong base, and basic bismuth salts of these acids have been made 
and investigated as spirocheticidal and treponemicidal agents. Lecoq (74) 
has reported the preparation of phenylbismuth oxide, CellsBiO, which may 
hydrate to a pentavalent form, but this is questionable. Triarylbismuth di¬ 
hydroxides, R 3 Bi(OH) 2 , have been prepared (22, 55) and are easily soluble in 
water. 

R 3 BiCl 2 + 2AgOH -> R 3 Bi(OH) 2 + 2AgCl 

The pH of such a solution is approximately 7.2, and after removal of the silver 
chloride by centrifuging, the solution may be used therapeutically (55). The 
aqueous solution undergoes gradual decomposition, particularly in the presence 
of light. By evaporation of the aqueous solution the dihydroxide may be 
obtained as a pale yellow powder which does not redissolve in water but dissolves 
readily in 95 per cent ethanol. Ethanolic solutions also undergo decomposition, 
yielding acetaldehyde and bismuth hydroxide. 

Primary and secondary arsines, RAsH 2 and R 2 AsH, where R is aliphatic or 
aromatic, are known, but the corresponding antimony or bismuth compounds 
have not been prepared. 

Tertiary aromatic and aliphatic arsenic compounds and tertiary alkyl- and 
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some mixed alkylaryl-antimony compounds add alkyl halides to form “onium” 
compounds. Tertiary bismuth compounds, both aliphatic and aromatic, do 
not add alkyl halides even at elevated temperatures. Generally, a secondary 
cleavage reaction takes place. 

(CH s )sBi + 2CH S I - 2 °^ > CH 3 BiI 2 + 2C 2 H 6 

The reaction between triphenylbismuth dibromide and ethylmagnesium bromide 
might have yielded a bismuthonium compound. 

(C 6 H 6 ) 3 BiBr 2 + C 2 H 5 MgBr (C 6 H 5 ) 3 (C 2 H 6 )BiBr + MgBr 2 

The products, instead, were triphenylbismuth, diphenylbismuth bromide, and 
bromobenzene (14). It cannot be assumed that ethyltriphenylbismuthonium 
bromide was formed as an intermediate and decomposed in a manner similar 
to that which takes place when trimethylphenylarsonium iodide is heated (119), 

(CH 3 )3(C6H 6 )AsI (CIIsMCeHWAs + CH 3 I 

since no onium compound was formed when triphenylarsenic dihalide was 
treated with methylmagnesium iodide. There occurred, instead, reduction to 
triphenylarsenic. 

The most stable valence in organobismuth compounds is 5. This valence is 
not demonstrated by the trialkylbismuth compounds, although it has been 
proposed that pentavalent derivatives are formed as intermediates and de¬ 
compose spontaneously (80). The pentavalent aromatic bismuth compounds 
are comparatively stable. The various derivatives with halogens and pseudo¬ 
halogens show a regular decrease in stability, the difluoride being the most 
stable. On the basis of decomposition temperatures, these derivatives, in the 
order of decreasing stability arc: difluoridc, dichloride, dicyanate, dibromide, 
diazide, and diiodide. The dithiocyanate and diselenocyanate have not been 
prepared. 

Birchenbach and Kellermann (6) have determined the decomposition po¬ 
tentials of a large number of potassium halides and pseudohalides. Since the 
decomposition potential is related directly to stability, it was possible to obtain 
a series of halogens and pseudohalogens based on the relative ease of decompo¬ 
sition. This series,—F, CNO, OCN, Cl, N*, Br, CN, SCN, I, SeCN, TeCN,— 
agrees well with the series described above. 

Trivalent bismuth compounds are cleaved quantitatively by inorganic acids. 
In contrast, the pentavalent compounds are but little affected by fuming nitric 
acid, boiling hydrochloric acid, or sulfuric acid, except for nuclear substitution. 
This stability is demonstrated by the following reactions: 

(C«H 6 )jBi(NO») 2 c - ° ncd - ' —U (C,H 6 ),BiCl 2 

(C«H 6 )jBi(N0 3 )s (0 2 NC«H«)»Bi(N0») 2 

(C«H*)»BiCl 2 — n - cd -- H2 ~°-i^ (C,H 6 ),BiS0 4 
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B. GENERAL METHODS FOR THE PREPARATION OF TERTIARY BISMUTH COMPOUNDS 

Organobismuth compounds are best prepared by interaction of a Grignard 
reagent and bismuth chloride. The yields range from 60 to 80 per cent with most 
aromatic bismuth compounds. Triethylbismuth has been obtained in 86 per 
cent yield by this method (47). It has not been possible to introduce bismuth 
into the aromatic nucleus by means of the Bart reaction (3) or its modifications 
(26, 111). The synthesis of organobismuth compounds by the copper bronze 
decomposition of aryldiazonium chloride-bismuth chloride complexes has been 
described recently (48, 53). 

Tertiary bismuth compounds have been prepared by the following methods: 

(a) Reaction of a bismuth-sodium or bismuth-potassium alloy with an alkyl 
or aryl halide: Lowig and Schwcizer (76) synthesized triethylbismuth by this 
method in 1850. This was the first organobismuth compound reported in the 
literature. The reaction may be represented as follows: 

3C 2 H 6 X + Bilv, -> (C 2 H B ) 3 Bi + 3KX 

Breed (8) and Diinhaupt (34) also prepared triethylbismuth, using a bismuth- 
potassium alloy. Michaelis and Polis (84), Michaelis and Marquardt (83), 
and Gillmeister (43) obtained aromatic bismuth compounds by means of a 
bismuth-sodium alloy and an aryl halide. Rozenblumowna and Weil (100) 
have reported more recently a modification of the Gillmeister method which 
gave improved yields. Stilp (108) has prepared triphenylbismuth in 75 per 
cent yield by the Michaelis method. 

(b) Reaction between aluminum carbide and bismuth chloride in hydrochloric 
acid: Hilpert and Ditmar (66) obtained trimethylbismuth by the slow addition 
of aluminum carbide to bismuth chloride in 20 per cent hydrochloric acid solu¬ 
tion. 


2 AUC 3 + 2BiCl 3 + 18HC1 2(CH 3 ) 3 Bi + 8A1C1 3 

It is apparent that this reaction is limited to the preparation of trimethylbis¬ 
muth and that the yield would be affected by acid cleavage. 

(c) Reaction of a dialkylzinc compound and a bismuth halide: Marquardt 
(80, 81) prepared trialkyl bismuth compounds by the addition of an ether solution 
of a bismuth halide to a similar solution of a dialkylzinc compound. The 
difficulty in handling the spontaneously inflammable alkylzinc compounds has 
made it necessary to replace this method by the equally effective but more 
easily handled Grignard reagent. 

(d) Reaction of the Grignard reagent and a bismuth halide: Pfeiffer and Pietsch 
(97) were the first to prepare organobismuth compounds by means of the Grig¬ 
nard reagent. This method was later employed by Stilp (108), Challenger and 
coworkers (14,15,18,23), Worrall (120), Supniewski and Adams (111), Supniew- 
ski (109,110), Classen and Ney (29), Krause and Iienwanz (72), Blicke, Oakdale, 
and Smith (7), Davies, Norvick, and Jones (31), Gilman and coworkers (47, 
51, 54), Griittner (62, 63), Fr. Fabrikant (37), and Zhitkova and coworkers (121). 
With phenyllithium and bismuth bromide, the yield of triphenylbismuth is 
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44 per cent (121); this method is therefore inferior to the Grignard method, 
which gives yields of about 80 per cent. It should be noted that, regardless 
of the quantity of bismuth halide used, except when it exceeds the quantity 
demanded by the equation 

3RMgX + BiXa R 3 Bi + 3MgX 2 

the tertiary compound is formed. The reaction can be used to prepare RBiX 2 
and RflBiX compounds but not in good yields (63, 74, 114). 

(/) Reaction between diphenylmercury and bismuth metal: Hilpert and Gruttner 
(67) have reported a 41 per cent yield of triphenylbismuth when bismuth metal 
and diphenylmercury are heated at 250°C. Frankland and Duppa (36) pre¬ 
pared triethylbismuth by heating diethylmercury and powdered bismuth at 
100-130°C. Tetraethyllead and powdered bismuth do not react after 5 hr. 
heating at 100-T30°C. Tetraethyllead and bismuth chloride yield a mixture 
of ethylbismuth chlorides and probably some triethylbismuth (50). Phenyl- 
mercuric chloride and bismuth-sodium alloy yield traces of triphenylbismuth 
( 121 ). 

( g ) Reaction between bismuth electrodes and a gaseous hydrocarbon under the 
influence of an electrical discharge: Trimethylbismuth is formed by an electrical 
discharge between two bismuth electrodes if a stream of methane is passed 
between the electrodes simultaneously with the electrical discharge (92). 

( h ) Reaction between free radicals and bismuth mirrors: Paneth and Hofeditz 
(92), Paneth (94), and Rice and coworkers (98) have reported that free methyl 
and ethyl radicals dissolve bismuth mirrors. Paneth and Loleit (93) have 
obtained trialkylbismuth compounds with cold mirrors and methyl and ethyl 
radicals. With heated mirrors, in addition to the trialkyl compounds, there 
was evidence of the possible formation of bisdimethylbismuth and bisdiethyl- 
bismuth. 

(i) Spontaneous decomposition of diphenylbismuth sodium in liquid ammonia: 
The spontaneous decomposition of diphenylbismuth sodium in liquid ammonia 
leads to the formation of triphenylbismuth in 49 per cent yield (52). Sodium- 
bismuth alloy and iodobenzene do not form triphenylbismuth in liquid ammonia, 
owing probably to the insolubility of the alloy in this solvent (52). 

(j) Decomposition of an aryldiazonium chloride-bismuth chloride complex , 
followed by treatment with ammonia or hydrazine: The recently described prepa¬ 
ration of triarylbismuth compounds by the decomposition of an aryldiazonium 
chloride-bismuth chloride complex by copper, followed by treatment with 
ammonia (48), has unusual possibilities for the synthesis of therapeutically 
active organobismuth compounds. Thus far, however, it has not been possible 
to obtain experimental conditions favorable to the preparation of compounds 
like tri-p-carboxyphenylbismuth or tri-p-sulfophenylbismuth. In any case 
the reaction has some advantages, since it has made possible the preparation of 
di-o-carbomethoxyphenylbismuth chloride, di-o-carboethoxyphenylbismuth chlo¬ 
ride, and o-carbomethoxyphenylbismuth dichloride, which could not have been 
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prepared so readily by other methods. It affords a simplified procedure, also, 
for the preparation of tri-p-bromophenylbismuth (53). 

The mechanism of this reaction has been established by isolating the in¬ 
termediary RBiX 2 and R 2 BiX compounds formed. It has been found, in addi¬ 
tion, that hydrazine is a reagent of choice for the conversion of these 
intermediates to R 3 Bi compounds. 

(C 6 H 6 N 2 Cl) 2 -BiCl 3 + 4Cu-> (C 6 H 6 ) 2 BiCl + 4CuCl + 2N 2 

(C«H 6 ) 2 BiCl (C,n,),Bi 

(fc) Reaction between an R 2 BiX or RBiX 2 compound and the Grignard reagent: 
This reaction was first used by Challenger (14) to prepare diphenyl-a-naphthyl- 
bismuth, and later by Norviek (90) to prepare diethylamylbismuth. A modi¬ 
fied procedure employing low temperatures has been utilized successfully in the 
preparation of a laige number of related R 2 R'Bi compounds (51). 

(l) Reaction between a diarylbismuth sodium compound and an aryl iodide or 
bromide: Unsymmetrical organobismuth compounds have been prepared by 
the reaction of an R 2 BiNa compound and a-iodonaphthalenc in liquid ammonia. 
Some aryl bromides react also, but substituents ortho to the halogen inhibit 
reaction (52). 

(CVHs^BiNa + a-CioIM -» (Cel^Ma-CioI^Bi + Nal 

(m) Conversion of triarylbismuth dihalides to triarylbismuth compounds: Tri- 
m-tolylbismuth, because of its low melting point, is best purified as the penta- 
valent dichloridc (111). Diphenyl-a-naphthylbismuth dichloride may be 
separated from triphenylbismuth dichloride by virtue of the insolubility of the 
latter compound in acetone (20). Impure oily unsymmetrical bismuth com¬ 
pounds have been converted to their dichloridcs in order to facilitate purification 
(51). These halogens may be removed by hydrogen sulfide (84), ammonium 
sulfide (83), moist silver oxide (19, 43), sodium hydrosulfite, formaldehyde, 
sodium and alcohol, and dimethyl sulfate and alkali (111). Hydrazine hydrate 
is a reagent of choice for this reaction (49). 

(n) Conversion of arylbismuth dihalides and diarylbismuth halides to triarylbis¬ 
muth compounds: Hydrazine hydrate converts RBiX 2 and R 2 BiX compounds 
to R 3 Bi in excellent yields. Alcoholic ammonia has been used also, bub no data 
are available as to its effectiveness (23, 83). 

(o) Formation of trimethylbismuth by the spontaneous disintegration of tetra - 
methylradium D: Mortcnsen and Leighton (87) have investigated the molecular 
changes accompanying radioactive transformations by measuring the /3-activit} 
of tetramethyllead containing small quantities of tetramethylradium D. These 
authors were interested in determining whether the molecule was completely 
decomposed, or whether it adjusted itself to the new valence conditions. The 
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transformation of radium D into radium E and then into radium F is essentially 
the change of an atom of lead into bismuth and then into polonium. Radium D 
emits only /3-rays which are too feeble to produce an appreciable effect upon an 
electroscope, while radium E and radium F possess strong a- and /3-ray activity. 
By the examination of the vapor above the radioactive tetramethyllead, these 
authors found indisputable evidence for the presence of radium E (presumably 
as trimethylbismuth) and radium F (presumably as dimethylpolonium). From 
this they concluded that the tetramethylradium D molecule was not completely 
broken down by radioactive transformation, but adjusted itself to the new 
valence conditions by the loss of a methyl group and the completion of the 
electron pair by the acquisition of an electron from its surroundings. The 
disintegration apparently involves the rupture of one bond only. 

(p) Formation of organobismuth compounds by metal^metal interchange: Leigh- 
Smith and Richardson (75) have obtained evidence which suggests that bis¬ 
muth metal, deposited presumably as the oxide on a metallic surface, can ex¬ 
change with lead in tetramethyllead to form trimethylbismuth. This they 
demonstrated in the following manner: 

A piece of gold which had been activated with Th(B + C + C' + C") was 
immersed in an ether solution of tetramethyllead for 2 hr. Then a small quan¬ 
tity of the solution was introduced into a small pot inside a Wilson expansion 
chamber filled with nitrogen. As the solution evaporated from the pot, 
characteristic tracks of Th(C + C') were observed starting from parts of the 
chamber remote from the pot, thus proving that a volatile compound had been 
formed which evaporated with the rest of the solution, and this compound, 
presumably, is trimethylbismuth. This exchange process occurs apparently 
between atoms of the same atomic number and without the breaking up of the 
molecule. 

The reaction between n-butyllithium or n-butylsodium and triarylbismuth 
compound does not lead to the expected metalation of the aromatic nucleus (54). 
Instead, a metal-metal interconversion takes place. 

(p-CH 3 C 6 H 4 ) 3 Bi + 3n-C 4 H 9 Li -> (n-CJWaBi + 3p-CH 3 C 6 H 4 Li 

Phenyllithium and bismuth metal do not yield triphenylbismuth, whereas 
phenyllithium and antimony give triphenylantimony (113). This again demon¬ 
strates the sharp differences between antimony and bismuth. Many reactions 
which can be used to prepare organoantimony compounds in good yields fail 
entirely in the preparation of organobismuth compounds. 

(q) Reaction between R 3 Bi and RX compounds: Marquardt (81) has reported 
that, in the course of heating triisobutylbismuth with methyl or ethyl iodide 
at 150°C., he obtained no quaternary iodides but, instead, trimethylbismuth 
and triethylbismuth, respectively. 

(r) Electrolysis of ethylsodium in diethylzinc, using bismuth as the anode: The 
electrolysis of an ethylsodium-diethylzinc solution probably gives free ethyl 
radicals. Triethylbismuth was obtained when the electrolysis was carried 
out with bismuth as the anode (65b). 
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C. ORGANOBISMUTH COMPOUNDS 
1 . Symmetrical trialkylbismuth compounds 

The trialkylbismuth compounds are heavy, highly refractive, colorless or 
pale yellow, oily liquids. Tricyclohexylbismuth appears to be a solid at room 
temperature. The methyl and ethyl compounds possess unpleasant odors, 
but the higher homologs are odorless. Their vapors irritate mucous membranes. 
Because of their inflammability in air they must be isolated under an inert 
atmosphere, and with the exception of the trimethyl compound they cannot be 
distilled at ordinary pressures without decomposition. Triothylbismuth, for 
example, explodes when heated to 150°C. (8, 34). Dtinhaupt (34) has reported 
that the presence of water or ether makes possible a distillation of triethylbis- 
muth at atmospheric pressure. Seif ter (105) has found that it is possible to 
distil a trialkylbismuth-etherate without decomposition. Triethylbismuth 
becomes cloudy when exposed to atmospheric oxygen, and this clouding effect 
has been proposed as a delicate test for the presence of oxygen (47). 

Moureu, Dufraisse, and Badoche (88) have shown that trialkylbismuth 
compounds can function both as catalyst and inhibitor in the autooxidation of 
organic compounds. Triethylbismuth effectively retards the oxidation of 
benzaldehyde, furfural, butyraldehydc, and alkaline solutions of sodium sulfite 
but accelerates the oxidation of styrene, turpentine, and acid solutions of sodium 
sulfite. 

The boiling points of the trialkylbismuth compounds increase normally, and 
the branched-chain compounds have lower boiling points than the normal 
isomers. Their specific gravities, as one might predict, decrease with increas¬ 
ing carbon content. They are soluble in alcohol, ether, petroleum ether, carbon 
tetrachloride, and benzene, and are insoluble in water. 

Trialkylantimony compounds combine readily with oxygen, but the ease of 
oxidation decreases with increasing molecular weight. They ignite when warmed 
in air, with the formation of antimony trioxide. Trimethylantimony o^ide, 
triethylantimony oxide, and triamylantimony oxide can be prepared directly 
by the regulated oxidation of the respective tertiary compounds. With 
chlorine, bromine, iodine, cyanogen bromide, cyanogen iodide, sulfur, and 
selenium, the trialkylantimony compounds form stable pentavalcnt compounds. 
They also form double salts with platinum and palladium chlorides. Mercuric, 
auric, and silver salts are reduced to the free metal. With alkyl halides they 
readily form stibonium halides. They dissolve in nitric, acid to form dinitrates. 

The trialkylbismuth compounds, in contrast, form no stable pentavalent 
derivatives. With the exception of the trimethyl compound, which is the most 
stable of the trialkylbismuth compounds, they ignite spontaneously and burn 
to bismuth oxide, although the ease of oxidation decreases with increasing 
molecular weight. In the presence of pure oxygen, tributyl bismuth explodes 
violently (54). 3 With chlorine or bromine, trialkylbismuth compounds undergo 

8 G. Calingaert, H. Soroos, and V. Hnizda (J. Am. Chem. Soc. 64, 392 (1942)) have 
found that the oxidation of triethylbismuth with pure oxygen under controlled tem¬ 
perature yielded bismuth oxide, diethylbismuth ethoxide, ethoxybismuth oxide, diethyl 
peroxide, diethyl ether, ethyl alcohol, and ethylene. 
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cleavage even at 0°C. to form R^BiX compounds. Inorganic acids cleave the 
bismuth compounds and with concentrated nitric and sulfuric acids the reaction 
proceeds explosively. With alkyl iodides, quaternary bismuthonium iodides 
do not form even at elevated temperatures. Hydrogen sulfide cleaves the bis¬ 
muth compounds. Both silver nitrate and mercuric chloride readily cleave 
these compounds and are themselves reduced to the free metal. 

It has been reported that triethylbismuth may be used for the detection of 
the —SH group (47). The test is based on the cleavage of triethylbismuth 
by acid hydrogens, 

(C 2 II 6 )3Bi + R-H —> C 2 II 6 + (C 2 H B ) 2 Bi-R 


and is carried out using the ordinary Zerewitinoff technique. No cleavage 
occurs with the hydrogens in —NH, —G=CH, or simple —OH groups, although 
some strong carboxylic acids give limited reactions. There is no interference by 
azo or nitro groups. The existence of thioenolization in thioacetic acid and 
1-mercaptobenzothiazole, for example, is shown quite definitely. 


S SH 

CH 8 —C—OH CH 3 —C=0 



/y s \ 

n/Xn/ 


H 


c=s 


2. Symmetrical triarylbismuth compounds 

The tertiary aromatic bismuth compounds are colorless crystalline solids, 
unaffected by oxygen and possessing generally a characteristic pleasant odor. 
They are soluble in ethanol, ether, chloroform, ethyl acetate, acetone, petroleum 
ether, dioxane, and benzene and arc insoluble in water. Triphenylbismuth 
may be distilled or sublimed without decomposition at very low pressures and 
can be obtained so pure that it has been used in determinations of the atomic 
weight of bismuth (28, 29, 30). The molecular weights of triphenylbismuth, 
tri-a-naphthylbismuth, and tri-p-tolylbismuth determined cryoscopically in 
benzene are normal. This is further evidence that even the more stable aro¬ 
matic compounds show no tendency to form bismuth-bismuth bonds, 

~.Bi=Bi^ 

even in view of their greater stability when the maximum valence has been 
satisfied. The aromatic groups are held loosely by bismuth and are cleaved 
readily by inorganic and organic acids, thiophenol, hydrogen, and inorganic 
halides. 

With either chlorine or bromine, tertiary aromatic bismuth compounds form 
dichlorides and dibromides (R*BiX 2 ), respectively. Triphenylbismuth diiodide 
is stable only at — 78°C. It is formed by titrating triphenylbismuth at this 
temperature with iodine, using starch as the indicator. The end point occurs 
when exactly two equivalents of iodine have been added. Raising the tempera¬ 
ture but a few degrees causes a spontaneous decomposition. If the temperature 
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is kept at —78°C., however, the diiodide may be kept unchanged for days. The 
difluoride is prepared by a double decomposition reaction between the dichloride 
and potassium fluoride. 

With sulfuryl chloride, sulfur monochloride, and thionyl chloride tertiary 
compounds yield dichlorides (15, 18). With the halogen halides or halogen 
pseudohalides,—iodine chloride, iodine bromide, cyanogen chloride, etc.,— 
the tertiary compounds are cleaved. The more negative group or atom at¬ 
taches itself to the bismuth, wliile the more positive group or atom is eliminated 
as part of the aromatic nucleus (17, 18, 19, 118). Such reactions give further 
confirmation to the stability series of halogens and pseudohalogens mentioned 
previously (page 12). 


(C e H 6 ) 3 Bi + 


fICl -> (CJI 5 ) 2 BiCl + C 6 H 5 I 

CNI-> (C 6 H 5 ) 2 BiCN + C 6 H 5 I 

. CNBr-> (C 6 H 5 ) 2 BiBr + C 6 H B GN 

[iBr -> (C 6 IT 5 ) 2 BiBr + C 6 Ii 5 I 


The ease with which bismuth exchanges its aromatic groups for the halogens 
of inorganic halides is evidence again of the weak carbon-bismuth bond. Under 
conditions where triphenylantimony reacts to form R 3 SbX 2 compounds, tri- 
phenylbismuth cleaves to yield R 2 BiX and RBiX 2 compounds (21, 23, 57, 59). 


(C«H 6 ) 3 Bi + 


fBiCls -> (CeH 6 ) 2 BiCl + C 6 H 5 BiCl 2 

SbCl 3 (C 6 H B ) 2 BiCi + (C 6 H 6 )3SbCl 2 

AsC1 3 — (C 6 H 6 ) 2 BiCl + CellsAsCb 

PC1 3 (C 6 H B ) 2 BiCl + C 6 H b PC1 2 

SiCU -> (C 6 H 6 ) 2 BiCl +-- 

CuCl 2 -> (C 6 H 6 ) 2 BiCl +- 

TiCl 4 -> (C 6 H 5 ) 2 BiCl +- 

HgClo (C 6 H 6 ) 2 BiCl + C 6 H B HgCl 

T1C1 3 -► (C 6 H 6 ) 2 BiCl + (C 6 ITb)2T1C1 

(AgN0 3 —► Probably (CgHsAgV AgN0 3 


The reaction with silicon tetrachloride yields an unidentified organosilicon 
compound; with cupric chloride there was no mention of the possible formation of 
organocopper compounds. No reduction to trivalent titanium occurs in the 
reaction with titanium tetrachloride. Considerable reduction occurs in the 
interaction of a Grignard reagent and titanium tetrachloride. 

Stilp (108) has been the only one to report the formation of double salts in 
the reaction between tertiary aromatic bismuth compounds and mercuric 
chloride. Gillmeister (43) had reported previously that no double salt was 
formed between triphenylbismuth and mercuric chloride. Stilp did not prepare 
this salt but he was able to form others: (p-CfUCeHOsBi• HgCl 2 , (o-CHaCePWs- 
Bi • HgCl 2 , (m-(CH 3 ) 2 C 6 H 3 ) 3 Bi • HgCl 2 , and (a-Ci 0 H 7 ) 3 Bi - HgCl 2 . The preparation 
of the tri-p-tolylbismuth double salt has been confirmed (55). These compounds 
are colorless crystalline solids which can be recrystallized without decomposition 
from glacial acetic acid. Compounds of this type could be useful as derivatives, 
since they possess sharp melting points and are easily purified. 
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Challenger and Pritchard (21) have found that migration of phenyl groups 
from bismuth may be effected either to the comparatively electropositive tin 
and mercury or to electronegative elements like arsenic and phosphorus. It 
was earlier proposed by Hilpert and Gruttner (67) that such migration took 
place only from the less positive to the more positive element, although the 
presence of halogens appeared to modify the reaction. The former authors 
consider that many of the ready migrations of phenyl groups are partly con¬ 
ditioned by the insolubility of one of the possible products. 

With triphenylantimony, migration of phenyl groups occurs very rarely at 
ordinary temperatures. It has been observed with silicon tetrachloride, mer¬ 
curic chloride, phosphorus trichloride, and with antimony trichloride only at 
240°C. Addition compounds are produced almost always with triphenylarsenic. 
This is further evidence of the stability of the bond between carbon and the 
more electronegative elements. 

Organobismuth compounds do not add to benzaldchyde, benzalacetophenone 
(55), or Michlcr’s ketone (79). They do react, however, to a limited extent 
with acid halides (23) to give ketones in small yields. Under similar conditions, 
triphenylantimony does not react with acid halides. With chlorofonn in a 
sealed tube at 160°C. triphenylbismuth forms small quantities of triphenyl- 
methane (26), and with benzyl chloride it forms diphenylmcthane (23). 

Triphenylbismuth reacts with benzoyl peroxide to form triphenylbismuth 
dibenzoate, (CeThOaBi^CCeHa^ (27), and with benzoyl nitrate to form tri¬ 
phenylbismuth dinitrate (118). It has been reported that triphenylbismuth 
gives color reactions with certain nitro derivatives (15), but no details are 
available. 

Tribenzylbismuth oxidizes spontaneously when exposed to air, yielding 
benzaldehyde and inorganic bismuth (23). Tri-/j-phenylethylbismuth under¬ 
goes a similar oxidation (55). This may account for the reported failure to 
prepare tri-p-methoxybenzylbismuth and tri-o-methoxybenzylbismuth (111). 
It has been reported also that bromophenacetin, p-chlorophenol, and o-iodoani- 
line with sodium-bismuth alloy do not yield tertiary bismuth compounds (100). 

Makarova and Nesmeyanov (78) have prepared benzenediazonium nitrate 
by the reaction between triphenylbismuth, nitric oxide, and nitrogen trioxide. 
Supniewski and Adams (111) were unable to obtain triarylbismuth compounds 
possessing amino groups by the reduction of trinitroarylbismuth compounds. 
Unstable mixtures were the only products. Tri-p-dimethylaminophenylbis- 
muth has been prepared by the interaction of p-dimethylaminophenyllithium 
and bismuth chloride, but this compound was cleaved by acetic acid in pref¬ 
erence to forming a water-soluble acetate. It was cleaved also by chlorine 
even at 0°C., so that the preparation of a more stable pentavalent derivative 
was not possible (51). 

Challenger, Peters, and Hal6vy (20) have attempted the preparation of 
triphenylbismuth diselenocyanate, (CetWsBKSeCN^, by the interaction of 
triphenylbismuth dichloride and potassium selenocyanate (KSeCN). They 
obtained, instead, the unstable diphenylbismuth selenocyanate, (CaHs^BiSeCN. 
Tri-p-tolylbismuth dichloride and potassium selenocyanate underwent a similar 
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reaction. The instability of the pentavalent compound was to be predicted. 
Triphenylbismuth and tellurium dicyanide, Te(CN) 2 , gave diphenylbismuth 
cyanide. 

When triarylbismuth compounds are heated to high temperatures, they 

TABLE 1 


Tertiary bismuth compounds * 


A SOMATIC COMPOUNDS 

MELTING POINT 

BEFEBENCES 

Tri-o-anisyl-. 

°C. 

171 

(108, 110, 111) 

(43, 108, 110) 

(13, 26, 55) 

(120) 

(23, 53) 

(110) 

(51) 

(23, 53, 54) 

(51) 

(43) 

(51) 

(51) 

Tri-p-anisyl-. 

190 

Tribenzyl-. 

85 

Tri biphenyl-. 

183 

Tri -p -bromopheny 1 -. 

149 

Tri-p-carboxyphervl-. 

162 

Tri-o-ehlorophenyl-. 

141 

Tri -p-chlorophenyl -. 

116 

Tri -2-p-cymyl -. 

87 

Tri-p-cumyl-. 

159 

Tri -p-dimethylaminophcnyl -. 

230 

Tri-p-fluorophenyl-. 

94 

Tri mesityl-. 

137 

(51, 121) 

(14, 53, 54, 108) 

(108) 

(109, 111) 

(118) 

(111) 

Tri -a -naphthy 1 -. 

235 

Tri-/3-naphthyl-. 

84 

Tri -p -ni troplienyl -. 

121 

Trinit.rophenyl-. 

159 

Tri-2-nitro-p-tolyl-. 

126 

Tri -o -phfc ne ty 1 -. 

122 

(54) 

Tri -p -phene ty 1 -. 

73 

(43, 54) 

Tri-ff-phenylethyl-. 

(55) 

Tri phenyl-. 

77.6 

(14, 18, 29, 67 , 83, 84, 97, 

Trist.yryl-. 

100, 108, 121) 

(37) 

Trithymyl-. 


(37) 

Tri-a-thienyl-. 

137.5 

(72) 

Tri-o-tolyl-. 

129 

(43, 53, 108, 110) 

Tri-ra-tolyl-. . 

65 

(18) 

Tri-p-tolyl-. 

120 

(15, 48, 53, 54 , 83, 

Tri-m-xylyl-. 

175 

108, 109) 

(83, 108, 110) 

Tri-p-xylyl-. 

194.5 

(43, 108) 

Diphenyl-a-naphthyl-. 

119 

(13, 14, 18, 23, 51, 52) 

(51, 52) 

Di-p-tolyl-a-naphthyl-. 

130 

Di-p-chlorophenyl-a-naphthyl-. 

139 

(51, 52) 

(51) 

Di -p -anisyl -a-naphthyl -. 

136 

Di-p-phenetyl-a-naphthyl-. 

132 

(51) 

Dimesityl-a-naphthyl-. 

| 151.5 

(51) 

Di -p-chlorophenyl -o-tolyl -. 

104.5 

(51) 

Di-p-tolyl-p-chlorophenyl-. 

97 

(51) 

Di-o-tolyl-a-naphthyl-. 

114 

(51) 

Diphenyl-p-chlorophenyl-. 

83.5 

(51) 

Diphenyl-p-hydroxy phenyl-. 

180 

(52) 
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ALIPHATIC COMPOUNDS 


Trimcthyl- 
Triethyl-.. 


Tri-n-propyl-. 

Tri-n-butyl-... 

Tri-terJ-butyl- 
Triisobutyl-... 
Tri-n-amyl-... 


Triisoamyl-. 

Tricyclohexyl-. 

Diethylamyl-. 

Ethylcyclopentamethylene- 

Trilauryl-. 

Tricetvl-. 


TABLE 1 —Concluded 


BOILING POINT 

REFERENCES 

°C. 

110 at 760 mm. 

(66,75,80,81,87,92,93) 

96 at 60 mm. 

(8, 31, 34, 36, 47, 76, 80, 

107 at 79 mm. 

81, 93) 

123 at 150 mm. 

87 at 8 mm. 

(31) 

127 at 50 mm. 

124 at 7 mm. 

(31,54) 

173 at 50 mm. 
Decomposes 

(55) 

162 at 74 mm. 

(15, 81) 

158 at 7 mm. 

(31) 

209 at 50 mm, 

200 at 70 mm. 

(81) 

118 at 20 mm. 

(16, 62, 112) 

(90) 

(63) 


(107) 

(107) 


* Where more than one value for a melting point is given, the highest value is recorded 
in this and other tables. 


decompose into the metal and biaryl compounds. Cambi (10) found that tri- 
phenylbismuth and diphenylmercury form no bimolecular compound. Chal¬ 
lenger and Ridgway (23) have reported the interchange of aromatic radicals 
between bismuth and mercury compounds at high temperatures. Tri-a- 
naphthylbismuth and diphenylmercury at 200 °C. gave di-a-naphthylmercury, 
triphenylbismuth, and diphenyl-a-naphthylbismuth. Tri-p-tolylbismuth and 
diphenylmercury at 180°C. gave triphenylbismuth and di-p-tolylmercury. No 
exchange occurred between tri-p-tolylbismuth and di-a-naphthylmercury at 
this temperature. 

Calingaert and Beatty (lib) have described similar reactions as the “random 
intermolecular exchange of organic radicals. 9 ’ Thus, a mixture of tetraethyllead 
and tetramethyltin, after undergoing redistribution, yielded all ten possible 
R 4 M compounds. Later, Calingaert, Soroos, and Thomson (11c) showed that 
tetramethyllead and diethylmercury, and tetraethyllead and dimethylmercury, 
both underwent a similar reaction to yield all the possible redistribution products. 

There appears to be an exchange of radicals when two bismuth compounds 
are fused, since tri-a-naphthylbismuth and triphenylbismuth at 190°C. yield 
diphenyl-a-naphthylbismuth. No reaction occurred between tri-p-tolylbismuth 
and tri-a-naphthylbismuth at 200°C. There is evidence that the former re¬ 
action is reversible, and Calingaert, Soroos, and Hnizda (lla) have proposed 
this reaction as an example of random distribution (51). 

With strong inorganic acids triarylbismuth compounds are cleaved quanti¬ 
tatively to the hydrocarbon and the inorganic bismuth salt (84). With the 
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more weakly acidic compounds it is possible to isolate intermediate products 
(25, 55). 

fHSCN -> (C 6 H 6 ) 2 BiSCN + C«H 6 
(C 6 H 6 ) 3 Bi + \ 2HSCN -> C 6 H 6 Bi(SCN) 2 + 2C«H« 

(2HSC 6 H 6 -> C 6 H B Bi(SC 6 H 6 )2 + 2C 6 H 6 

Triphenylantimony is not cleaved by thiophenol under similar conditions (55). 
Tri-a-naphthylbismuth is not cleaved by this reagent under conditions which 
give 43.6 per cent cleavage with triphenylbismuth. Cleavage reactions with 
the halogens and pseudohalogens also indicate that the a-naphthyl radical is 
held more firmly to bismuth than is the phenyl radical (17, 18). 

Table 1 lists all the known tertiary organobismuth compounds. 

3. Unsymmetrical triarylbismuth compounds 

Prior to a recent publication (51) the only unsymmetrical organobismuth 
compound which had been described in any detail was diphenyl-a-naphthylbis- 
muth, prepared by Challenger and coworkers (13, 14, 15, 16, 17, 18, 19, 23). 

(C 6 H 6 ) 2 BiBr + a-C 10 H 7 MgBr -> (C 6 H B ) 2 BiC 10 H 7 -a + MgBr 2 (a) 

Incidental to studies concerned with optically active organobismuth compounds, 
these authors tried unsuccessfully to prepare other unsymmetrical organobis¬ 
muth compounds. More recently, Norvick (90) reported the formation of 
diethylamylbismuth, together with triethylbismuth and triamylbismuth, from 
the reaction between amylbismuth dichloride and ethylmagnesium bromide, 
but no physical data on this compound were provided. 

On the basis of general observations concerned with the relative reactivities 
of organometallic compounds, it appeared quite probable that a variety of un¬ 
symmetrical compounds could be made and would be found to be reasonably 
stable. This was found to be the case. The procedures used are illustrated 
in the following reactions for the synthesis of di-p-tolyl-a-naphthylbismuth. 

(p-CH 8 CflH 4 ) 2 BiX + a-CioH 7 MgBr -+ (p-CH 3 C 6 H 4 ) 2 BiCi 0 H 7 ^ + MgXBr (b) 

2 p-CH 3 C 6 H 4 MgBr + a-Ci„H 7 BiBr 2 (p-CH 3 C 6 H 4 ) 2 BiC 10 Il7-a + 2MgBr 2 (c) 

(p-CH 3 C 6 H 4 ) 2 BiNa + a-C 10 H 7 I -> (p-CH 3 C c H 4 ) 2 BiC 10 H 7 -a + Nal (d) 

Reaction (d) was carried out in liquid ammonia (52). Diarylbismuth halides 
react in liquid ammonia with sodium, potassium, lithium, calcium, and barium 
to form highly reactive R^BiM or (RgBi^M compounds which upon treatment 
with a-iodonaphthalene yield the corresponding unsymmetrical compound. 

Once obtained in a pure condition, the unsymmetrical compounds were found 
to have a distinctly higher stability than might have been expected. For 
example, a sample of diphenyl-a-naphthylbismuth was kept in a stoppered 
bottle for three years without alteration in melting point. In this connection 
it is interesting to recall the observations of Calingaert, Soroos, and Hnizda 
(11a) that the reputedly unstable, unsymmetrical methylethylmercury was in 
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reality quite stable and could be distilled without undergoing disproportionation, 
provided that traces of RHgX or other related catalysts are absent. 

The general problem of redistribution or disproportionation of radicals is 
closely related to other reactions leading to the synthesis of the unsymmetrical 
organobismuth compounds. Challenger and coworkers found that, with the 
single exception of reaction (a), R^BiX and R'MgX compounds always yielded 
RaBi compounds. This indicated to them the possibility that an R^BiX com¬ 
pound was a double salt of R 3 Bi and BiX 3 . The use of a sufficient excess of 
R'MgX should have yielded two symmetrical organobismuth compounds. 

R3Bl \ (3irMgX) _ > RaBi + R , Bi + 3MgXa 

BiX 3 / 

Although this did not occur when R and R' were aryl radicals (since only R 3 Bi 
was isolated), when R' was an alkyl radical the odor of an alkylbismuth com¬ 
pound was evident. It is our opinion that, although organometallic salts in 
general show the equilibria, 

R 2 MX <± RMX 2 R 3 M + MX 3 

some of the unsymmetrical R^R'Bi compound was formed initially and then 
may have undergone redistribution, in part or in whole, to RaBi and R 3 Bi, to 
account for the formation of a trialkylbismuth compound. 

/ f . The preferential cleavage of radicals from bismuth in 
unsymmetrical triarylbismuth compounds 

Challenger and Allpress (17) first demonstrated the preferential cleavage of 
radicals in unsymmetrical organobismuth compounds when they reported that 
diphenyl-a-naphthylbismuth and iodine bromide yielded a-iodonaphthalene 
and diphenylbismuth bromide. 

(CeH^BiCioHra + IBr -> (C 6 II 5 ) 2 BiBr + a-C 10 H 7 I 

It was found possible to extend the metal-metal interconversion reaction 
between organobismuth compounds and n-butyllithium (54), 

(p-CH 3 C 6 II 4 ) 3 Bi + 3n-C 4 II 9 Li -> 3p-CH 3 C 6 H 4 Li + (n-CJI 9 ) 3 Bi 

to determine the relative labilities of radicals attached to bismuth. When an 
unsymmetrical organobismuth compound, RjzR'Bi, was treated with one equiva¬ 
lent of n-butyllithium, there was a preferential replacement of one of two avail¬ 
able radicals (55). In most instances both R and R' were cleaved; for example, 
when diphenyl-a-naphthylbismuth and one equivalent of n-butyllithium were 
allowed to react for 10 min., in diethyl ether, there was obtained, subsequent to 
carbonation, yields of 21.6 per cent of a-naphthoic acid and 1.7 per cent of ben¬ 
zoic acid. This single experiment had a particular significance, since it might 
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have appeared that the ratio of 2R:R' in an R^R'Bi compound was unfavorable 
to R' in the determination of the preferential cleavage of either R or R'. If 
the relative amounts of the two radicals were the sole consideration, the law of 
probability would have indicated that more R groups would cleave than would 
R'. This was not found to be true, however, with the above compound or 
with a number of other R 2 R'Bi compounds. Furthermore, while cleavage of 
diphenyl-a-naphthylbismuth by n-butyllithium showed the a-naphthyl and 
phenyl radicals to possess labilities which might have been predicted on the 
basis of the series of radicals obtained by the cleavage of unsymmetrical RR'Hg 
compounds by hydrogen chloride (69b), this was the exception. Anomalously, 
the p-chlorophenyl radical was cleaved as readily as the a-naphthyl, while the 
phenyl radical was cleaved in preference to the p-tolyl and o-tolyl groups. 

Similar reactions between symmetrical R 3 Bi compounds and n-butyllithium 
gave confirmation to the data obtained with the unsymmetrical bismuth com¬ 
pounds, and, in addition, provided further exceptions to the series of radicals 
mentioned above (69b). 

The series of radicals obtained by this metal-metal interconversion reaction, 
in order of decreasing ease of cleavage from bismuth, was as follows: (p-chloro- 
phenyl, p-bromophenyl, p-fluorophenyl, a-naphthyl), phenyl, p-tolyl, p-ethoxy- 
phenyl, (o-tolyl, mesityl, o-chlorophenyl). 

On the basis of cleavage from unsymmetrical mercurials by hydrogen chloride, 
these radicals possess the following order of decreasing lability: mesityl, a- 
naphthyl, o-tolyl, p-tolyl, p-fluorophenyl, phenyl, (p-ehlorophenyl, p-bromo- 
phenyl), o-chlorophenyl. 

The p-ethoxyphenyl radical is not listed in this latter series, but the p-methoxy- 
phenyl radical is placed above the p-tolyl radical and approximately equal to 
the mesityl radical in lability. One may arbitrarily assume that the p-methoxy- 
phenyl group would occupy a position similar to the p-ethoxyphenyl radical. 

It is interesting to note that dimesitylmercury was cleaved to the extent of 
72.5 per cent under the same conditions which gave no cleavage with trimesityl- 
bismuth. 

The solvent played an important role in all of these reactions. Cleavage of 
the p-ehlorophenyl radical proceeded to the extent of 50 per cent in diethyl 
ether, but no cleavage occurred in a mixture of petroleum ether and benzene. 
The effect of the solvent manifested itself, also, in the low order of reaction 
between tri-a-naphthylbismuth and n-butyllithium, where the yield of a-naph- 
thoic acid was 1.2 per cent. In all the other reactions described above, the 
bismuth compounds were completely dissolved in the solvent prior to the 
addition of the n-butyllithium. Tri-a-naphthylbismuth is practically insoluble 
in diethyl ether and the slow rate of reaction was due probably to this. With 
the ether-soluble unsymmetrical bismuth compounds containing the a-naphthyl 
groups, the radical showed itself to have a lability equal to that of the p-chloro- 
phenyl radical. The use of a benzene-ether mixture, in which tri-a-naphthyl- 
bismuth is soluble, decreased the yield of a-naphthoic acid to 0.6 per cent. 
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5 . Compounds of the general formulas R^BiX and RBiX 2 

(a) Alkyl compounds 

Alkyl bismuth compounds of the type R-jBiX (where X is Cl or Br) are crystal¬ 
line solids which burn spontaneously in air and must, therefore, be isolated under 
an inert atmosphere. They are soluble in alcohol and insoluble in ether. The 
following methods have been employed in their preparation: 

(a) Reaction between a trialkylbismuth compound and chlorine or bromine: 
The cooled ether solution of the trialkylbismuth compound is treated with the 
calculated quantity of the halogen (80, 81). 

( b ) Reaction between tetraethyllead and bismuth chloride: The reaction between 
tetraethyllead and bismuth chloride yields a colorless solid which ignites spon¬ 
taneously in air and appears to consist in part of diethylbismuth chloride (50). 

Compounds of the general formula RBiX 2 are more stable than the R 2 BiX 
type discussed above. These, too, are solids possessing high melting points 
and are stable in air. They are somewhat soluble in alcohol and almost in¬ 
soluble in ether and petroleum ether. The following methods have been em¬ 
ployed in their preparation: 

(a) Reaction between a bismuth halide and. a tertiary bismuth compound: To a 
solution of bismuth chloride or bromide is added the calculated quantity of the 
R 3 Bi compound. The RBiX 2 compound separates out as a yellow powder 
(80,81). 

(b) Reaction between a Grignard reagent and a bismuth halide: Methylbismuth 
dibromide has been prepared in small yields by the reaction between methyl- 
magnesium iodide and bismuth bromide (114). Dimethylzinc and bismuth 
bromide also yield methylbismuth dibromide (80). Ethylbismuth dibromide 
has been obtained by the interaction of bismuth bromide and ethylmagnesium 
bromide (63). 

(c) Reaction between an RBiCl 2 compound and potassium iodide: Diinhaupt 
(34) prepared ethylbismuth diiodide by treating the corresponding dichloride 
with potassium iodide. 

(d) Reaction between a tertiary bismuth compound and an alkyl iodide: Deriva¬ 
tives of the type RBiI 2 are produced when a tertiary bismuth compound and an 
alkyl iodide are heated to about 200°C. 

(e) Reaction between a tertiary bismuth compound and an inorganic halide: 
Inorganic halides, e. g., silver nitrate or mercuric chloride, readily cleave bismuth 
compounds and are themselves reduced to the free metal. 

When an alkylbismuth dihalide is treated with aqueous ammonia or sodium 
hydroxide, an oxide, RBiO, is formed. This oxide is easily oxidized further 
by air. With ethylbismuth diiodide, alcoholic silver nitrate forms ethylbismuth 
dinitrate. Marquardt (80) has reported that dimethylbismuth bromide forms a 
double salt with zinc bromide. This double salt when treated with alcoholic 
ammonia yields methylbismuth oxide; with methyl iodide it forms methyl¬ 
bismuth diiodide, and with water it forms dimethylbismuth hydroxide. 
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(b) Aryl compounds 

Aromatic bismuth halides of the general formula R*BiX or RI3iX 2 are crystal¬ 
line solids possessing high melting points. Generally speaking, compounds of 
these types are decomposed by moisture, alcohol, and ammonia. It was found, 
however, that o-carbomethoxyphenylbismuth dichloride, di-o-carbomethoxy- 
phenylbismuth chloride, and di-o-carboethoxyphenylbismuth chloride were 
unaffected by moisture or alcohol and could be kept indefinitely without any 
precautions being taken (53). 

Extensive studies of compounds like (C 6 H 6 ) 3 BiX 2 have shown that the order 
of decreasing stability of the dihalides is R 3 BiCl 2 , R 3 BiBr 2 , R 3 BiI 2 . With 
R 2 BiX compounds the order seems to be reversed, based on ammonolytic and 
hydrolytic reactions, as well as conversion to R 3 Bi by hydrazine (49, 52). 

Compounds of the general formula RJliX and RBiX 2 have been obtained in 
a variety of ways: 

(a) Reaction between a tertiary bismuth compound and a bismuth halide: The 
calculated quantity of anhydrous bismuth chloride or bismuth bromide in dry 
ether is added to an ether solution of the tertiary bismuth compound. Two 
moles of bismuth compound and one of bismuth halide yield R 2 BiX compounds. 

2R 3 Bi + BiX 3 -> 3R 2 BiX 

The yields are very good, in many instances almost quantitative (51). The 
diarylbismuth chlorides are insoluble in most organic solvents but can be re¬ 
crystallized from large volumes of dry benzene. The diarylbismuth bromides 
are slightly soluble in ether. If the molar ratio of bismuth halide and bismuth 
compound is reversed, RBiX 2 compounds are formed. 

R 3 Bi + 2BiX 3 -> 3RBiX 2 

Yields, here, are also good. The dichlorides are extremely insoluble, but the 
dibromides, with the exception of a-naphthylbismuth dibromide, are quite 
soluble in ether. These are the best methods available for the preparation of 
aromatic R^BiX and RBiX 2 compounds. 

(b) Reaction between a tertiary bismuth compound and an inorganic halide other, 
than bismuth chloride: See page 293. 

(c) Reaction between tetraphenyllead and a bismuth halide: Tetraphenyllead 
and bismuth bromide yield diphenylbismuth bromide and diphenyllead di¬ 
bromide (58). 

(d) Reaction between an R 2 BiCl compound and potassium iodide: Diphenyl¬ 
bismuth iodide, di-p-chlorophcnylbismuth iodide, and di-p-tolylbismuth iodide 
have been prepared by the interaction of the corresponding chloride and po¬ 
tassium iodide in absolute alcohol (7, 51). 

(e) Reaction between a tertiary compound and a halogen , halogen halide , or 
halogen pseudohalide: See page 292. 

(/) Reaction between an R 2 BiX compound and a halogen: Challenger (14) 
prepared phenylbismuth dibromide by treating diphenylbismuth bromide with 
bromine in chloroform. Diphenylbismuth bromide and iodine monochloride 
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TABLE 2 

R 2 BiX and RBiX 2 compounds 


COMPOUND 

MELTING POINT 

REFERENCES 

Dibiphenylbismuth chloride. 

°C. 

(120) 

(51) 

(23) 

(23, 51) 

(17, 18, 59) 

(17) 

(17) 

(17, 18, 21, 23,, 
(14, 17, 51, 83) 
(7, 17, 43, 51) 
(20) 

(22) 

(17, 20, 26) 

(83, 100) 

(25, 26) 

(15, 18, 51, 59) 
(20) 

(51) 

(53) 

(53) 

(16, 17) 

(14, 18, 51) 

(74) 

(17) 

(25) 

(23) 

(13, 18, 51) 

(18) 

(51) 

(74) 

(53) 

(55) 

(80) 

(34) 

(80) 

(80) 

(80, 81) 

(81) 

(81) 

(80) 

(80, 114) 

(80) 

Di-p-chlorophenylbismuth chloride. 

160 

Di-p-chlorophenylbismuth bromide. 

159 

Di-p-chlorophenylbismuth iodide. 

140 

Di-a-naphthylbismuth chloride. 

168 

Di-a-naphthylbismuth bromide (?)*. 

Di-a-naphthylbismuth iodide (?). 


Diphenylbismuth chloride. 

185 

Diphenylbismuth bromide. 

158 

Diphenylbismuth iodide. 

134 

Diphenylbismuth selenocyanate. 

Decomposes 

168 

Diphenylbismuth azide. 

Diphenylbismuth cyanide. 

210 

Diphenylbismuth hydroxide. 

Diphenylbismuth thiocyanate. 

123.5 

Di-p-tolyl bismuth chloride. 

181.5 

Di -p-tolylbismu th selenocyanate. 

Di-p-tolylbismuth iodide. 

148 

Di-o-carboethoxyphenylbismuth chloride. 

148 

Di-o-carbomethoxyphenylbismuth chloride. 

181 

Phcnylbismuth chlorobromide. 

Phcnylbismuth dibromide. 

206 

Phenylbismuth dichloride (?). 

74 

Phenylbismuth diiodide. 

194 

Phenylbismuth di thiocyanate (?). 

186 

p-Chlorophenylbismuth dibromide. 

244 

a-Naphthylbismuth dibromide. 

208 

p-Tolylbismuth dichloride. 

207 

o-Tolylbismuth dibromide. 

181 

Phenylbismuth oxide (?). 

233 

o-Carbomethoxyphenylbismuth dichloride. 

221 

o-Methoxyphenylbismuth dibromide. 

171 

Diethylbismuth bromide. 

Diethylbismuth iodide (?). 


Dimethylbismuth chloride. 

116 

Dime thylbismuth bromide. 

Dimethylbismuth hydroxide. 


Diisobutylbismuth bromide. 


Diisoamylbismuth bromide. 


Methylbismuth dichloride. 

242 

Methylbismuth dibromide. 

214 

Methylbismuth diiodide. 

Methylbismuth oxide. 


(80, 81) 

(81) 

(34, 80) 

(34) 

(34, 80) 

Methylbismuth sulfide (?). 


Ethyl bismuth dichloride. 


Ethylbismuth sulfide (?). 


Ethyl bismuth dibromide. 



















































ORGANOBISMUTH COMPOUNDS 


303 


TABLE 2 —Concluded 


COMPOUND 

MILTING POINT 

KEFEXENCES 

Ethylbismuth oxide (?). 

X. 

(34) 

(34, 80) 

(34) 

(81) 

(81) 

(81) 

(90) 

(107) 

Ethylbismuth diiodide. 


Ethylbismuth carbonate (?). 


Isobutylbismuth dibromide. 

124 

Isobutylbismuth diiodide. 

Isoamyl bismuth di bromide. 

134 

Amylbismuth dichloride. 

Cetylbismuth di bromide. 





* A question mark following any compound indicates that its composition as indicated 
is open to some criticism, owing either to the fact that the compound was not analyzed, or 
to the fact that the analyses given by the workers were not conclusive. 

yielded phenylbismuth chlorobromide (10). Diphenylbismuth iodide and bro¬ 
mine gave phenylbismuth dibromide (16). 

( g ) Cleavage of a tertiary bismuth compound during the preparation of the 
dichloride: Challenger and Wilkinson (26) have obtained small quantities of 
diphenylbismuth chloride during the preparation of triphenylbismuth dichlo¬ 
ride from triphenylbismuth and chlorine. Considerable quantities of this 
compound are formed if the chloroform solution of the tertiary compound is 
not cooled in ice prior to the introduction of the chlorine (55). 

Table 2 lists all the known R 2 BiX and RBiX 2 compounds. 

6. Pentavalent bismuth compounds 

The pentavalent bismuth derivatives are the most stable of the organobismuth 
compounds. 4 They are crystalline solids which are soluble in chloroform, diox- 
ane, benzene, and acetone; they are insoluble in alcohol and ether. 

Triarylbismuth dichlorides may be prepared by passing a stream of dry gaseous 
chlorine through the ice-cold solution of the tertiary compound in chloroform 
until an excess of the gas is present. The chloroform is then partially evapo¬ 
rated, and the addition of several volumes of methanol precipitates the dichloride 
in a high state of purity. The yields are generally better than 90 per cent. An 
alternative method is to pass a stream of dry chlorine over a petroleum ether 
solution of the tertiary compound. This method has the disadvantage that 
triarylbismuth compounds are not very soluble in this solvent and it is necessary 
to work with large volumes of solution. Its advantage, however, is that the 
dichloride which forms is insoluble in petroleum ether and separates out im¬ 
mediately. Thus, nuclear chlorination is not possible. Trimesitylbismuth forms 
a dichloride readily in this solvent (121), but if the preparation is carried out in 
benzene or chloroform nuclear or lateral substitution occurs (51). Sulfuryl 
chloride, sulfur monochloride, thionyl chloride (15, 18), and iodine trichloride 

4 The only exceptions are the action of alkali and heat, which decompose RaBiX* com¬ 
pounds more rapidly than R 3 Bi compounds. 
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(19) also yield dichlorides when reacted with tertiary bismuth compounds, but 
some cleavage occurs simultaneously. 

Triphenylbismuth difluoride is prepared by the interaction of triphenylbis- 
muth dichloride and potassium fluoride. 

Triarylbismuth dibromides are prepared by the dropwise addition of a solution 
of bromine in carbon tetrachloride to an ice-cold solution of the tertiary com¬ 
pound in chloroform or petroleum ether. The first slight excess of bromine is 
easily visible and can be used to indicate the end point of the reaction. From 
chloroform the dibromide is isolated by partial evaporation of the solvents and 
precipitation with methanol. The dibromide separates out of the petroleum 
ether directly. Yields are generally about 90 per cent. 

The halogens in R 3 BiX 2 compounds are quite labile and undergo double de¬ 
composition reactions readily. 


2AgOCN -> (C 6 H 6 ) 3 Bi(OCN) 2 + 2AgX 
2C 6 H 5 COOAg -> (C 6 H 5 ) 3 Bi(OOCC 6 H5)2 + 2AgX 
2-o-HOC 6 H 4 COONa -> (C 6 H 5 ) 3 Bi(OOCC 6 H 40 H-o )2 

+ 2NaX 

(CH 3 COO) 2 Pb -> (Cells) 3 Bi(OOCCH 3 ) 2 + PbX 2 
2AgOH (C«H 6 )iBi(OH)i + 2AgX 


Supniewski and Adams (111) have reported that the side chains of tri-o- and 
tri-p-tolylbismuth dichlorides are oxidized by potassium permanganate, lead 
tetraacetate, or chromic acid. Yields range from 15 to 25 per cent. 


(CH 3 CeH 4 ) 3 BiCl 2 -> (H0 2 CC 8 H 4 ) 3 BiCl 2 


The compounds are soluble in alkali but upon reprecipitation by hydrochloric 
acid yield low-melting solids. Alkaline solutions of these compounds appear to 
be unstable and deposit a yellow solid on standing. The tri-l,3-xylylbismuth 
dichloride and the tri-ra-tolylbismuth dichloride were oxidized also, but the 
products were not isolated. The permanganate oxidation appears difficult 
to repeat (55). 

Supniewski (110) was the first to report the successful nuclear sulfonation of 
tri-o-tolylbismuth dichloride. He obtained two compounds, 4-sulfo-2-methyl- 
phenyldi-o-tolylbismuth sulfate and a corresponding di-4-sulfo-2-methylphenyl- 
o-tolylbismuth sulfate. 



These compounds were soluble in alkali and were precipitated by acid. Once 
precipitated by acids, however, they did not redissolve readily in alkali. 

The nuclear nitration of aromatic bismuth compounds is carried out success¬ 
fully only at comparatively low temperatures and with the triarylbismuth 
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dinitrates. In order to form the corresponding trinitro derivative, triphenyl- 
bismuth dinitrate was nitrated at 0°C. for 12 hr. with fuming nitric acid, and 
tri-p-tolylbismuth dinitrate for 2 hr. at room temperature (111). Wilkinson 
and Challenger (118) have prepared a hexanitro derivative by nitration at 
— 10°C. for 68 hr. 

The orienting influence of bismuth in triarylbismuth compounds is not readily 
determined, since the compounds are decomposed easily by fuming nitric acid. 
A neutral nitrating agent, benzoyl nitrate, and triphenylbismuth yielded only 
triphenylbismuth dinitrate (118). 

The nitration of triphenylbismuth dinitrate yields, on the average, 86 per cent 
of the meta, 12 per cent of the ortho, and 2 per cent of the para isomers (24,115). 
Supniewski and Adams (111) and Supniewski (109, 110) have reported several 
nitro derivatives, but they have not presented any structural proof for their 
compounds. 

Triarylbismuth dihydroxides are prepared by treating the dichloride or di¬ 
bromide with moist ammonia or silver hydroxide. The reaction proceeds 
through two steps, so that it is possible to isolate the hydroxyhalide. The 
dihydroxide will oxidize ethyl alcohol to acetaldehyde, isopropyl alcohol to 
acetone, and n-propyl alcohol to propionaldehyde (22). With carbon dioxide 
the dihydroxide forms a carbonate, and with hydrochloric acid it forms a di¬ 
chloride. 

The attempted preparation of water-soluble organobismuth compounds by 
the reaction between maleic or succinic anhydride and a triarylbismuth di¬ 
chloride has been generally unsuccessful (55). 



BiCl 2 + 


CH 2 CO 

\ A1CI, 

/ 

CHjCO 



' COCHsCHsCOOHA 

,<^ )~ 


If mild conditions were employed, the triarylbismuth dichloride was recovered 
unreacted. When more drastic conditions were employed, the bismuth com¬ 
pound was partially or wholly destroyed without any indication of the desired 
reaction having occurred. 

Supniewski and Adams (111) attempted to cleave the ether linkage in tri- 
p-anisylbismuth dibromide with hydriodic acid and with aluminum chloride. 
These reactions resulted only in the complete decomposition or the recovery of 
unchanged bismuth compound. Similarly, an attempted lateral bromination, 
in the presence of {ultraviolet light, of tri-o-tolylbismuth dioromide and tri-p- 
tolylbismuth dibromide resulted only in the cleavage of the carbon-bismuth 
linkage. When triphenylbismuth dichloride, ethyl chloroacetate, and copper 
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bronze were refluxed in chloroform, only triphenylbismuth was obtained. There 
was no evidence that the pentavalent compound, (CeHs^BitC^COOCaHs^ 
had formed (55). 

Triphenylbismuth hydroxychloride when treated with hydrobromic acid did 
not give triphenylbismuth chlorobromide. The products isolated were equi- 
molecular quantities of triphenylbismuth dichloride and dibromide (17). No 
compounds of the type RsBiXX' have been prepared, although phenylbismuth 
chlorobromide can be obtained in 77 per cent yield. 

An unusual application of triarylbismuth dihalides has been their use in the 
color test described recently (56). The test is based on the observation made 
some years ago by Challenger and coworkers (14, 19, 26) that a transitory purple 
color developed when triphenylbismuth dibromide reacted with phenylmag- 
nesium bromide incidental to an attempted preparation of tetraphenylbis- 
muthonium bromide. The reaction apparently did not proceed as expected, 

(C 6 H 5 ) 3 BiBr 2 + CeHfiMgBr -> (C 6 H 6 ) 4 BiBr + MgBr 2 

since the only products obtained were triphenylbismuth, diphenylbismuth 
bromide, phenylbismuth dibromidc, and bromobenzene. 

Two suggestions were offered to account for the transient purple color. One 
of these was the possible formation of tetraarylbismuthonium halides, and the 
other was the momentary formation of compounds of the type R B Bi, analogous 
to the bright red triphenylmethyltetramethylammonium and benzyltetramethyl- 
ammonium prepared by Schlenk and Holtz (103, 104). These are the only R& 
types reported in Group V. The purple color is probably not due to the for¬ 
mation of a bismuthonium halide, because R 4 AsX and R 4 SbX compounds are 
colorless. The explanation based on the formation of an R B Bi compound is 
somewhat vitiated by the fact that triphenylantimony dichloride, tri-p-tolyl- 
antimony dichloride, tributylantimony dibromide, or triphenylarsenic dichloride 
and an arylmagnesium halide do not give a purple color. Although organo- 
antimony and organobismuth compounds have some decidedly different chemical 
properties, it might be expected that an R B Sb or RbAs compound, if formed, 
should also give a purple color. 

The color test is carried out by adding 1 ml. of the RM solution to 1 mi. of an 
approximately 1 per cent solution of triphenylbismuth dichloride in dry benzene. 
With an/flithium and an/Zmagnesium compounds a deep purple color forms in¬ 
stantaneously. To detect the presence of other aromatic RM compounds, 
which do not give this purple color, the test solution, obtained as described above, 
is heated to boiling, cooled, and hydrolyzed with 1 ml. of water. The benzene 
layer is then colored yellow, yellow-brown, or yellow-orange when the test is 
positive. These hydrolysis colors are obtained also by hydrolyzing the purple 
solutions obtained with RLi and RMgX compounds. No color is obtained 
before or after hydrolysis with aZfct/imetallic compounds like ethylmagnesium 
bromide, benzyllithium, or phenylethynyllithium. 

A large number of triarylbismuth dihalides give the test. This applies to 
both symmetrical (R 3 BiX 2 ) and unsymmetrical (R 2 R'BiX 2 ) types. Steric 



TABLE 3 

Pentavalent bismuth compounds 


COMPOUND 


Tri aryl bismuth difluorides: 

Tri phenyl-. 

Triarylbismuth dichloridcs: 

Tri-o-anisyl-. 

Tri-p-anisyl-. 

Trichloro-p-anisyl -. 

Tribiphenyl-. 

Tri -p-bromophenyl -. 

Tri -p-chlorophenyl -. 

Tri-p-cumyl-. 

Tri-2-p-cymyl-. 

Triinesityl-. 

Dichlorotrimesityl-. 

Tri -a-naph thy 1 -. 

Triphenyl- . 

Tri -o-carboxyphenyl -. 

Tri -o-carbomethoxy phenyl -. 

Tri -p-carboxy phenyl -. 

Tri-p-carbomethoxyphenyl-. 

Trinitrophenyl-. 

Tri-p-nitrophenyl. 

Dini trotriphenyl -. 

Tetranitro triphenyl-. 

Mononitrotri phenyl-. 

Hcxani trotriphenyl-. 

Tri-p-carbomethoxy-o-nitrophenyl- 

Tri-a-thienyl-. 

Tri-o-tolyl-. 

Tri-m-tolyl-. 

Tri-p-tolyl-. 

Tri-3-nitro-o-tolyl-. 

Tri -2-ni tro-p-tolyl -. 

Tri-m-xylyl-. 

Tri-p-xylyl-. 

Diphenyl-a-naphthyl-. 

Di -p - toly 1 -a-naphthyl -. 

Di-p chlorophenyl-a-naphthyl-. 

Di-yj-chlorophenyl-o-tolyl-. 

Di-o-tolyl-a-naphthyl-. 

Di phenyl -p-tolyl -. 

Triarylbismuth dibromidcs: 

Tri-o-anisyl-. 

Tri-p-anisyl-. 

Tribiphenyl-. 

Tri-p-bromophenyl-. 

T ri -p-chloroplicny 1 -. 

Tri-p-cumyl-. 

Tri-2-p-cymyl-. 

Trimesityl-. 


MELTING POINT 

RBTEESNCES 

# C. 


159 

(26) 

174 

(108, 110) 

133 

()10) 

133 

(43) 

200 d.* 

(120) 

155 

(23) 

170 

(23, 65) 

208 

(43) 

164 

(51) 

150 

(121) 

150 

(51) 

174 

(18, 19, 55) 

141.6 

(15, 19, 26, 83, 84, 


109, 121) 

159 

(110, 111) 

137 

(110) 

130 

(109, 111) 

107 

(110, 111) 

128 

(118) 

134 

(109, 111) 

136 

(43, 118) 

146 

(118) 

110 

(118) 

148 

(118) 

260 d. 

(110, 111) 

(73) 

362 

(43, 108, 110) 

133 

(111) 

147 

(18, 83, 108, 109) 

150 

(110, 111) 

156 

(109, 111) 

161 

(83, 110) 

167.5 

(43) 

142 

(26) 

147 

(51) 

132 

(51) 

133 

(51) 

140 

(51) 

110 

(51) 


101 

103 

Decomposes 
107 d. 
105 
150 
103 

Above 250 
93 d. 


(108) 

(43, 111) 
( 120 ) 

(23) 

(23) 

(43) 

(51) 

( 121 ) 

(51) 
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TABLE 3 —Concluded 


COMPOUND 

MELTING POINT 

EEFEESNCES 

Triarylbismuth dibromides— continued: 

°C. 


Tri-a-naphthyl-. 

124 

(14, 108) 

Tri-o-phene tyl-. 

128 

(51) 

Triphenyl-. 

124 

(14, 83, 84) 

Tri-o-tolyl-. 

127 

(43, 108) 

Tri-m-tolyl-. 

92 

(21, 111) 

Tri-p-tolyl-. 

114 

(83, 108, 109) 

Tri-m-xylyl-. 

117 

(83) 

Tri-p-xylyl-. 

130 

(43) 

Diphenyl-a-naphthyl-. 

140 

(19, 26) 

Di-p-tolyl-a-naphthyl. 

127 

(51) 

Di-p-chlorophenyl-a-naphthyl-. 

103 

(51) 

Di-p-chlorophenyl-o-tolyl-. 

110 

(51) 

Di -o-tolyl -a-naph tliyl -. 

122 

(51) 

Triarylbismuth diiodides: 



Triphenyl-. 

Stable at —78 

(118) 

Triarylbismuth hydroxychlorides: 



Triphenyl-. 

161 

(19, 22) 

Tri-p-tolyl-. 

154 d.* 

(108) 

Trihydroxy-o-tolyl -. 

154 

(111) 

Triarylbismuth hydroxy bromides: 



Triphenyl-. 

148 

(19) 

Tri-p-tolyl-. 

140 

(108) 

Tri-?n-xylyl-. 

250 d. 

(108) 

Triarylbismuth dinitrates: 



Tribiphenyl-. 

162 d. 

(120) 

Tri phenyl-. 

130 d. 

(83, 109, 115, 118) 

Tri-p-carbomethoxy-x-nitrophenyl-. 

160 d. 

(111) 

Tri-m-nitrophenyl-. 

145 d. 

(24, 115) 

Tri-p-nitrophenyl-. 

147 d. 

(109, 111) 

Dini trotriphenyl -. 

150 d. 

(43) 

Tetranitro triphenyl-. 


(118) 

Mononitrotriphenyl-. 


(118) 

Hexanitrotriphenyl -. 


(118) 

Tri-o-tolyl-. 


(43) 

Tri-p-tolyl-. 


(83, 109) 

Tri-2-nitro-p-tolyl-. 

160 d. 

(109, 111) 

Miscellaneous pentavalent derivatives: 



Triphenylbismuth carbonate. 

Above 220 

(19, 83) 

Triphenyl bismuth diazidc. 

93 

(22) 

Triphenylbismuth dicyanate. 

129 

(27) 

Triphenylbismuth hydroxycyanide. 

135 

(22) 

Triphenylbismuth oxide. 

120 d. 

(15, 22, 83) 

Tri-o-tolylbismuth oxide. 

100 d. 

(55) 

Tri-p-tolylbismuth oxide. 

109 d. 

(55) 

Triphenylbismuth sulfate. 

Above 284 

(15, 19) 

4-Sulfo-2-methylphenyldi-o- 



tolylbismuth sulfate. 

167 

(110) 

Tetranitrotri phenyl bismuth oxide. 

108 d. 

(118) 

Di-4-sulfo-2-methylphenyl-o- 



tolvlbismuth sulfate. 

174 

(110) 


* d. «• decomposes. 
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factors either in the RM compound or in the R 3 BiX 2 compound decrease the 
intensity of the purple color, or may in some instances prevent its formation. 
For example, triphenylbismuth dichloride or tri-p-tolylbismuth dichloride (or 
dibromide) and mesitylmagnesium bromide gave no purple color, whereas with 
o-tolylmagnesium bromide a very intense purple color was obtained. Tri-o- 
tolylbismuth dichloride gave a weak purple color with phenylmagnesium bromide 
and with p-tolylmagnesium bromide, but a negative test with a-naphthylmag- 
nesium bromide. Trimesitylbismuth dichloride gave a negative test with these 
three Grignard reagents. Challenger and Allpress (18) have reported no purple 
color in the reaction between tri-a-naphthylbismuth dibromide and phenyl¬ 
magnesium bromide. 

Diarylbismuth halides (R 2 BiX) and arylbismuth dihalides (RBiX 2 ) do not 
give the color test. 

The color test is extremely sensitive. Five-hundredths of a milliliter of a 
1.08 molar solution of o-tolylmagnesium bromide gave a positive test with 1 ml. 
of a 0.0078 molar solution of triphenylbismuth dichloride. This represents 
0.004 g. of triphenylbismuth dichloride or 0.0016 g. of bismuth. 

The color test has found application in studies on the rates and mechanisms 
of some metalation and halogen-metal interconversion reactions. 

Aryl—H + n-CJFoLi —* Aryl—Li + n-C 4 Hi 0 
a-CioH 7 Br + n-CJLLi -> a-C 10 H 7 Li + C 4 H 9 Br 

A further application has to do with the bromomagnesium derivatives of 
stcrieally hindered ketones, like acetomesitylene, the enolates (A) of which 
behave like true organomagnesium compounds (B). 



OMgBr 

I 

C=CII 2 


tA) 



The bromomagnesium derivative of acetomesitylene, prepared from phenyl¬ 
magnesium bromide and an excess of acetomesitylene, gave a positive color 
test with Michlcr’s ketone (45b, 45c). Any uncertainty concerning the in¬ 
fluence of phenylmagnesium bromide was ruled out, because the negative color 
test with triphenylbismuth dichloride showed that no a? 7 //magnesium halide 
was present. 

Table 3 lists all the known pentavalent organobismuth compounds. 


7. Reactions in liquid ammonia 

Diarylbismuth halides react smoothly with metals which dissolve in liquid 
ammonia to give deep red R^BiM or (R 2 Bi) 2 M compounds. The metals em¬ 
ployed were lithium, sodium, potassium, calcium, and barium (52). The RaBiM 
and (R 2 Bi) 2 M compounds decompose slowly to the corresponding R*Bi compound 
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and inorganic bismuth, but they are sufficiently stable to react promptly with 
RX compounds. This provides an additional avenue of approach to the prepara¬ 
tion of unsymmetrical organobismuth compounds. 

RaBiX + 2M -► R*BiM + MX 

R*BiM + R'X -> RaR'Bi + MX 

The reactivity of the R^BiM compounds is due in part to their solubility in 
liquid ammonia, for the insoluble sodium-bismuth alloy does not react with 
iodobenzene. Thus far it has not been possible to prepare these compounds 
directly from the R 3 Bi compound and the metal. 

RsBi + 2M RaBiM + [RM] 

The reaction between an arylbismuth dibromide and sodium does not lead 
to the expected RBiNaa. 

RBiBra + 4Na RBiNaa + 2NaBr 

Instead, a complex decomposition occurs and the only products are RH and 
inorganic bismuth. 

Mention has been made (page 285) of the possible existence of the diaryl- 
bismuth radical in liquid ammonia. 

A metal-halogen interconversion (4G, 52) appears to take place in liquid 
ammonia between R 2 BiM compounds and a-iodonaphthalene. In these re¬ 
actions significant quantities of naphthalene are formed in addition to the 
diphenyl-a-naphthylbismuth. The naphthalene very probably does not come 
from the following reaction: 

a-C 10 Il 7 l + 2Na —h a-CioH 7 Na —^ C l0 H 8 

since there is no free sodium in the R^BiNa solutions. It appears, therefore, 
that the naphthalene may owe its formation to a new type of halogen-metal 
interconversion. 

RtfBiNa + a-CioHyl —> R^Bil + a-CioIIyNa 
a-C 10 H,Na Ci 0 H 8 + NaNH* 

The liquid ammonia reactions make possible the preparation of water-soluble 
organobismuth compounds. 

RaBiM + p-BrC«H 4 OH -> R^BiCelROH-p + MBr 

RaBiM + o-IC 6 H 4 COONa -> R*BiC 6 H 4 COONa-o + MI 

The phenolic compound was rather unstable, as might have been predicted, 
because of the lability of a hydroxyphenyl radical attached to a metal. The 
carboxylic derivative could not be obtained pure, owing primarily to the relative 
inertness of halogens ortho and para to the functional group in benzoic acid and 
benzoates towards R^BiM compounds in liquid ammonia. Such halogens are 
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much less reactive in this medium than the halogens in a simple halogenated 
benzene or naphthalene. There was evidence, however, of the presence of a 
water-soluble bismuth compound. 

8. Organobismuth salts of organic acids 
(a) Trivalent compounds 

In studying the cleavage of tertiary bismuth compounds by thiophenol (page 
297), the reaction products were isolated in order to determine their composition 
and possible therapeutic properties. It was of importance to determine what 
effect a CellgS— group instead of a OeHs— group would have on the toxicity of 
bismuth in an organomctallic molecule (55). 

Early observations with triphenylbismuth and thiophenol showed that the 
only product obtained was the secondary cleavage product, even though an 
equimolecular ratio of the two compounds was used. 

(C 6 n 6 ) 3 Bi + 2C 6 H 6 SH -> C 6 H 5 Bi(SC 6 H 6 )2 + 2C 6 H 6 

This would indicate either of two possibilities: (/) that (Cells^BiSCeHs is un¬ 
stable, or (2) that the second phenyl group was cleaved with greater ease ap¬ 
parently than was the first. The latter presumption is in contradiction with 
the general rule that a second It group is cleaved with greater difficulty than the 
first. Furthermore, while Gatlin ( 12 ) found that primary cleavage of various 
RM compounds by means of hydrogen chloride is aided by chloroform as the 
solvent, secondary cleavage of triphenylbismuth by thiophenol occurred prefer¬ 
entially in the absence of a solvent or in chloroform, benzene, or toluene. 

Further work with tri-p-chlorophenylbismuth and tri-p-tolylbismuth indi¬ 
cated that here, too. the secondary cleavage was preferential, since the products 
obtained were p-ClOrJLiBKSCeHs^ and p-CH 3 C 6 H 4 Bi(S(-ellsja, respectively. 
Triphenylbismuth and methyl thiosalicylate also gave the corresponding second¬ 
ary cleavage product, CeHsBUSCcl^COOC 113 - 0 ) 2 . If the experimental condi¬ 
tions were made quite drastic, e. g., by using a large excess of RSI I compound and 
a high temperature, all three R groups were cleaved. The anomalous behavior of 
tri-a-naphthylbismuth towards thiophenol has been noted before (page 297). 

Kharasch (69a) has reported a method for the preparation of water-soluble 
organobismuth compounds of the general formula RBi(SeG o Il 4 GOOII- 0) 2 by 
cleavage of R 3 Bi compounds by selenosalicylic acid. This again demonstrates 
the unusual tendency to cleave two R groups. 

In the course of a related study, triphenylbismuth was cleaved with several 
aliphatic and aromatic carboxylic acids (55). With benzoic and cinnamic acids 
the products were CcHfiB^OOCCelh^ and G 0 H 6 Bi(OOCCH==ClIC 6 H 5 ) 2 , respec¬ 
tively, indicating again preferential cleavage of two R groups. With acetic, 
trichloroacetic, propionic, butyric, thioglycolic, lactic, salicylic, and thiosalicylic 
acids the cleavage products were mixtures which could not be resolved because 
of the insolubility of these salts in water and organic solvents. Koton (71) 
has described the complex products obtained by the cleavage of triphenylbis¬ 
muth by formic and acetic acids when a large excess of these acids v as employed. 
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It is of interest to point out that every compound possessing a carbon-bis¬ 
muth-sulfur linkage which has been prepared is deep yellow in color. The 
products obtained with the carboxylic acids were always white powders. 

(b) Pentavalent compounds 

Pentavalent bismuth salts of the general formula R 3 Bi(OOCR )2 have been 
prepared by various methods (15,19, 27, 111, 121). 

TABLE 4 


Organobismuth salts of organic acids 


' 

COMPOUND 

MELTINO POINT 

REFERENCES 

Trivalent compounds: 

CelLBUSCJls^. 

•c. 

170 d.* 

(55) 

(55) 

(55) 

(55) 

(15, 19, 111, 121) 

(19) 

(111) 

(HI) 

(27) 

(55) 

(55) 

(52) 

(52) 

(55) 

(55) 

(55) 

(55) 

(55) 

(55) 

(55) 

(55) 

(55) 

(19) 

(19) 

(15) 

(15) 

p-ClC«H4Bi(SC«H*) 2 . 

170 d. 

p-CH,C 6 H 4 Bi (SC#H 6 ) 2 . 

155 d. 

CclLBi (SC#H4COOCH 3 -o) 2 . 

102 

Pentavalent compounds: 

Triphenylbismuth diacetate. 

162 

Triphenylbismuth diacetate'0.5CHsCOOH. 

137 

Tri-m-tolylbismuth diacetate. 

149 

Tri -p-tolylbismuth di acetate. 

162 

Triphenylbismuth dibenzoate. 

173 

Tri -p-tolylbismuth dibenzoate. 

169 d. 

Tri-o-tolylbismuth disalicylate-Celle. 

165 d. 

Diphenylbiphenylbismuth di benzoate. 

147 

Diphcnyl-jS-naphthylbismuth dibenzoate. 

140 

Triphenylbismuth dicinnamate. 

178 

Triphenylbismuth disalicylate. 

185 d. 

Triphenylbismuth di-o-carboxybenzoate. 

169 d. 

Triphenylbismuth di-p-hydroxybenzoate. 

Triphenylbismuth di-p-aminobenzoate. 

Above 250 
148 d. 

Triphenylbismuth di-p-aminobenzoate-2CH 3 COCHs.. 
Triphenylbismuth dianthranilate- Celle. 

148 d. 
102 d. 

Triphenylbismuth dichloroacetate. 

156 

Tri-p-chlorophenylbismuth disalicylate. 

187 d. 

Triphenylbismuth dilactate. 

Triphenyl bismuth dicamphorsulf onate. 


Triphenylbismuth di tartrate. 


Triphenylbismuth dipicrate. 





* d. = decomposes. 


(1) R,Bi(OH), + 2RCOOH R 8 Bi(OOCR) 2 + 2H*0 

(2) R,Bi(OH)Cl + 2RCOOH R 8 Bi(OOCR) 2 + H 2 0 + HC1 

(3) RjBiCOs + 2RCOOH -► R 8 Bi(OOCR) 2 + H 2 0 + C0 2 

(4) R 8 BiX 2 + 2RCOOM -» R,Bi(OOCR) s + 2MX 

(5) R,Bi + (C 8 H 6 C0) 2 0 2 -► R»Bi(OOCC 6 H 6 ) 2 + 0 2 

Reaction 3 has been employed to prepare a large number of pentavalent deriva¬ 
tives in which the benzoyl radical possessed potential water-solubilizing groups. 
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In an attempt to prepare amine hydrochlorides of triphenylbismuth dian- 
thranilate or triphenylbismuth di-p-aminobenzoate the only products obtained 
were triphenylbismuth dichloride and the hydrochloride of the corresponding 
acid. With the disalicylate, di-p-hydroxybenzoate, and di-o-carboxybenzoate 
there occurred complete dissociation into triphenylbismuth dihydroxide and the 
potassium salt of the acid when the compounds were treated with dilute potas¬ 
sium hydroxide solution. 

Proof of the structure of these pentavalent compounds was achieved by 
cleavage with hydrochloric acid and the identification of the R 3 BiCl 2 and organic 
acid formed. 

A rather interesting observation made during the course of this work was that 
when these derivatives were crystallized from acetone or benzene there was a 
general tendency to add molecules of solvent of crystallization. In several 
instances, as with tri-o-tolyl bismuth disalicylate and triphenylbismuth dian- 
thranilate, any attempts to remove the solvent resulted in the decomposition 
of the compound. 


TABLE 5 


Inorganic halide double salts of organobismuth compounds 


COMPOUND 

MELTING POINT 

BEEEBENCES 


# C\ 


(p-CHsCclIdaBi-IIgCL. 

234 

(108) 

(o-CH 3 CJI 4 ) 3 BiHgCl 2 . 

148 

(108) 

(m-(CU,) 2 C,H 3 ) 2 BiHgCl 2 . 

160 

(108) 

(a-Ci 0 11 7 ) sBi • IlgCI 2 . 

193 

(108) 

(CH 3 ) 2 BiBrZnBr 2 . 


(80) 


Table 4 lists all the known organobismuth salts of organic acids, both terti¬ 
ary and pentavalent types. Table 5 lists the comparatively few inorganic 
halide double salts of organobismuth compounds. 

D. ANALYTICAL PROCEDURES 
1. Qualitative 

A very convenient test for bismuth in an organobismuth compound is to 
burn a small portion of the compound on a clean spatula. The yellow-brown 
residue of bismuth oxide is easily recognized. Another method involves cleaving 
0.05 g. of the compound with 5 ml. of concentrated nitric acid and heating the 
solution to dryness. After allowing the residue to cool, it is taken up in 5 ml. 
of concentrated hydrochloric acid, concentrated to 1 ml., and then treated with 
a freshly prepared solution of sodium stannite. A heavy black precipitate of 
metallic bismuth forms, if bismuth is present in the compound. 

The color test described on page 306 also possesses possible utilization as a 
qualitative test for the presence of some organobismuth compounds. 
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2 . Quantitative 

Michaelis and Polis (84) have described the determination of bismuth in 
organobismuth compounds as bismuth trioxide and Challenger and Goddard 
(19) as bismuth trisulfide. The analysis as the phosphate appears to be supe¬ 
rior to both these methods (53). 

III. The Physical Properties of Organobismuth Compounds 

A. MOLECULAR STRUCTURE 

Bergmann and Schiitz (4) have found the dipole moment of triphenylbismuth 
to be zero. From this they have concluded that its structure is that of a plane 
triangle with the bismuth atom situated at the center of gravity. The triphenyl- 
phosphines, -amines, -arsines, and -stibines appear to be triangular pyramids. 
Pai (91) and Rosenbaum, Rubin, and Sandberg (99a), from studies of the Raman 
spectra of trimethylbismuth, have concluded that this compound possesses a 
pyramidal structure, the three methyl groups forming the triangular base and 
the bismuth atom the apex. 


B. CRYSTAL STRUCTURE 

The crystal structures of triphenylbismuth (2), triphenylbismuth difluoride 
(26), and diphenylbismuth thiocyanate (26) have been studied. Michaelis and 
Marquardt (83) have reported two crystal forms of triphenylbismuth, one 
melting at 75°C. and the other at 78°C. This has not been substantiated by 
other workers in this field. Drew and Landquist (33) and Pascal (95) have 
studied the triphenyl compounds of the elements of Group V for possible iso¬ 
morphism. They have observed compatibility only with triphenylphosphorus 
and triphenylarsenic. No close relationship such as can be found in the organo- 
metallic compounds of the elements of Group IV exists among the organometallic 
compounds containing Group V elements. 

Greenwood (60, 61) and Bryant (9) have studied the rotatory polarization of 
light by crystals of triphenylbismuth dichloride. 

From x-ray studies, Greenwood (61) has data which would indicate that 
triphenylbismuth dichloride has eight molecules in a unit cell. 

C. PHENOMENA WITH LIGHT 

Schaefer and Hein (101) have studied the absorption of light by trimethyl¬ 
bismuth, triphenylbismuth, and triphenylbismuth dichloridc, and have observed 
that the first two compounds show normal curves and obey Beer’s law. The 
dichloride absorbs light much more strongly than the tertiary compounds, 
owing to the two chlorine atoms and the higher valence of bismuth. 

IV. The Biological Applications of Organobismuth Compounds 

A. ORGANOBISMUTH THERAPY 

The therapeutic properties of bismuth were recognized as early as 1660. By 
1750 it had been used in the treatment of gonorrhea and by 1779 in syphilis 
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therapy. It was not until 1921, however, that research in the field of bismuth 
therapy became intense. With the pioneer work of Levaditi and his coworkers 
there began what may be called “The French School of Bismuth Therapy.” 
In the six years immediately following Levaditi’s first publication, nineteen 
hundred and sixteen articles on bismuth therapy were published, and by 1935, 
a conservative estimate would have placed this number close to five thousand. 
By 1932 about two hundred and fifty organic and inorganic bismuth compounds 
had been prepared and investigated for possible therapeutic utilization. 

One result of this intensive research has been the large number of contradictory 
reports to be found with regards to the effectiveness of bismuth therapy. The 
actual value of organic bismuth compounds in spirochetosis has long been the 
subject of debate, although their value in the intermittent treatment of syphilis 
by arsenicals is acknowledged. Bismuth is much more toxic than arsenic and 
acts more slowly. Its compounds can be injected intramuscularly only, since 
intravenously their therapeutic index is about 1:3. This is true even for those 
compounds accepted as new and non-official remedies by the Council on Pharmacy 
and Chemistry of the American Medical Association. According to Dr. R. A. 
Vonderlehr, Assistant Surgeon General, Division of Venereal Diseases of the 
United States Public Health Service (116), “ ... It is the general consensus of 
opinion of experts in this country and particularly of the Cooperative Clinical 
Group that when all factors are taken into consideration, bismuth subsalicylate 
suspended in oil is probably the most practical bismuth preparation (for the 
treatment of syphilis).” 

When injected intramuscularly, bismuth compounds form “depots” which 
slowly release bismuth into the blood. In some instances absorption is so slow 
that there is still evidence of bismuth at the point of injection after 400 days. 

Kolle (70) has found that such a depot in the ear of a rabbit will prevent the 
appearance of scrotal lesions following intratesticular injections of the syphilis 
virus. When the ear was amputated after 3 months, however, scrotal lesions 
developed after an interval of several weeks. This can mean perhaps that the 
virulent organisms were not destroyed by the bismuth but that their multiplica¬ 
tion was inhibited. It is to be noted, however, that complete cures of syphilis 
by the exclusive use of organic bismuth compounds have been reported also. 

Of the more than five thousand papers published in the field of bismuth 
therapy between 1921 and 1935, only a very few have been concerned with the 
use of organobismuth compounds. Giemsa (39, 40, 41, 42) reported the re¬ 
markable healing properties of triphenylbismuth in experimental canine syphilis, 
relapsing fever, and nagana. He proposed its use in the later stages of syphilis 
because of its lipoid solubility, which enables it to penetrate undecomposed 
into the central nervous system. Albrecht and Evers (1) and Schlossberger 
(102) were unable to confirm these favorable reports. Rothermundt and Wich- 
mann (99) have reported that triphenylbismuth had no therapeutic activity in 
the treatment of mice infected with S. crocidurae or S. hispanica. Sollman and 
Seif ter (107) have ingeniously tested some alkylbismuth compounds for their 
antisyphilitic activity. They found that trimethylbismuth could be handled 
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safely and was sufficiently soluble in water to produce marked effects in experi¬ 
mental animals when treatment was by vein, inhalation, or skin. It had a 
definite healing effect in rabbit syphilis, but it demonstrated no extraordinary 
therapeutic activity. The higher alkyls, trilaurylbismuth, tricetylbismuth. and 
cetylbismuth dibromide, were poorly absorbed and inactive. 

Walker (117) has determined the least concentration of four organobismuth 
compounds which would destroy Colpidum colpoda in 3 min. His results are 
as follows: 


Triphenylbismuth. mole/11,000 

Diphenyl bismuth bromide. mole/270,000 

Tri-p-tolylbismuth . mole/2000 

Triphenylbismuth dibromide. mole/7100 


From this, one may observe that the secondary derivative, diphenylbismuth 
bromide, possesses the highest effectiveness. This holds true generally, in¬ 
asmuch as (C 6 H 6 ) 2 SbX and (CeHg^AsX (where X is any halogen) are more 
effective than the primary or tertiary derivatives of the same elements. Lecoq 
(74) has found C6H 5 AsC 1 2 to be more toxic than either C 6 H6SbCl 2 or CcHfiBiCh. 
Pentavalent derivatives in this family are weakly toxic, and it has been suggested 
that whatever toxic effects they possess is due to their first being reduced to the 
trivalent form. 

It is apparent that little work has been done in bismuth therapy with organo¬ 
bismuth compounds. The principal objection seems to be their high toxicity. 
If organobismuth compounds of low toxicity could be synthesized, a more 
accurate estimation of their effectiveness would be possible. 

B. ABSORPTION OF BISMUTH BY THE ORGANISM 

If massage of the muscle follows an intramuscular injection of a bismuth 
compound, bismuth appears in the blood 2 hr. after the injection. Without 
massage, the appearance is delayed for 24 hr. The concentration of bismuth 
appears to be highest in the kidneys, and less in the liver, spleen, and lungs. 
The blood and bile show varying content. Some of the bismuth may be stored 
in the liver and other organs, but the greater part is eliminated by the kidneys, 
liver, and intestinal mucosa. It appears in the urine from 18 to 24 hr. after 
the injection. 


C. PHYSIOLOGICAL ACTION OF BISMUTH 

Following an intramuscular injection of a bismuth compound there occurs 
a local necrosis of the muscle fibre which is slowly absorbed and replaced by 
scar tissue. Sometimes sterile abscesses are formed. The gluteal muscle mass 
is large enough to tolerate from fifty to a hundred or more injections without 
serious difficulty. 

In the bismuth poisoning of animals by a single large dose, the chief patho¬ 
logical changes occur in the kidney and liver, other organs being affected little 
or not at all. In the kidneys there are marked tubular nephritis and degenera¬ 
tive changes similar to those produced by mercury poisoning. Intravenous 
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injections produce these alterations more frequently than do intramuscular 
administrations. Of the local reactions, pain is the most frequent and t his is 
due, in part, to the vehicle. A compound in olive oil may be extremely painful; 
in peanut oil it is bland and non-irritating. 

The administration of bismuth compounds in therapeutic doses at weekly 
intervals is, however, remarkably free from toxic effects. The one exception 
appears in the bluish-gray pigment line which forms on the gum margins of the 
mouth after a half-dozen injections. In rare instances (thirty-five in the period 
from 1922 to 1935) death may result from bismuth therapy, but these cases have 
been reported as due to accidental intravenous injection. 

V. Summary 

An attempt has been made in the preceding review to survey the literature on 
organobismuth compounds up to April, 1942. Those properties which are 
characteristic of organobismuth compounds have been stressed, and some atten¬ 
tion has been directed towards correlating the organometallic compounds of 
arsenic, antimony, and bismuth, in order to show gradations of stability, re¬ 
activity, and compound formation. 
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If at any time the progress in the direction of the understanding of the 
chemistry and physics of proteins appears to be slow it may be well to recall that, 
as late as twenty years ago, there was a school of physical chemists which held 
that proteins could be regarded as structureless continua the properties of which 
were considered to be determined by the state of dispersion and by materials 
adsorbed on the surfaces produced by such dispersion. The impossibility of 
holding such an opinion at the present time is a rough measure of the advance 
in this field. While it is true that no single fundamental problem concerned 
with proteins has been finally solved, the tools with which such solutions will 
finally be attained may very well be in hand. The following papers, which are 
the result of a symposium held at a meeting of the American Chemical Society 
at Atlantic City on September 9, 1941, illustrate the diversity and the power 
of the physicochemical methods now available. One of the first breaks with the 
older “colloidal” conceptions was that produced by S0rensen and by Loeb when 
they showed that proteins can combine stoichiometrically with acids and bases. 
Svedberg and his school have shown that proteins have definite molecular 
weights. Tiselius has demonstrated that proteins have reproducible electro¬ 
phoretic mobilities at given pH values and ionic strengths. It has been shown 
by Northrop and his associates that these substances have definite solubilities 
and are thus components in the sense of the phase rule. The diffusion measure¬ 
ments of Lamm are also consistent with the assumption that proteins are large 
molecules of definite molecular weight. To interpret the results of dielectric- 
constant measurements, and with the ultracentrifuge, the shapes of the protein 
molecules must be considered. Improved analytical methods, due largely to 
Bergmann and to Van Slyke and their associates, have demonstrated that pro¬ 
teins have definite chemical compositions. 

One result of the use of these physicochemical methods is the ever-increasing 
number of proteins that can be proved by all the tests available to be definite 
chemical substances. The importance of these pure proteins to chemistry and 
physiology can hardly be overestimated. 

In addition to the papers published in this number of Chemical Reviews, papers 

1 This Symposium was held under the joint auspices of the Division of Physical and 
Inorganic Chemistry and the Division of Biological Chemistry at the 102nd Meeting of the 
American Chemical Society, Atlantic City, New Jersey, September 8-12,1941. 
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were also presented at the symposium by Dr. David Rittenberg on the investi¬ 
gation of the composition of proteins by means of isotopic tracers, and by Prof. 
W. D. Harkins and Dr. G. E. Boyd on the study of proteins with surface films. 
It is to be regretted that the defense researches of these authors have made it 
impossible to prepare these papers for publication. 



RECENT ADVANCES IN THE STUDY OF PROTEINS' 

BY ELECTROPHORESIS 1 

LEWIS G. LONGSWORTH 

Laboratories of The Rockefeller Institute for Medical Research, New York, New York 

Received December 24, 1941 

Recent improvements in the experimental procedure for electrophoretic analysis 
by the moving-boundary method are described. These include the new Tiselius 
cell and the schlieren methods now available for recording the complete electro¬ 
phoretic pattern. With the aid of the new procedures a study has been made of the 
conditions under which satisfactory patterns of the proteins of human plasma may 
be obtained. Of the many buffer solutions tested as solvents for the plasma pro¬ 
teins, a 0.1 N sodium diethylbarbiturate solution having a pH of 8.6 at 25°C. gave 
the best patterns for electrophoretic analysis. Using a typical pattern obtained in 
this solvent as an example, the current methods of computing protein concentra¬ 
tions from the patterns have been critically examined and the assumptions that are 
necessary in making these computations have been stated. Moreover, from a con¬ 
sideration of the necessity of conserving matter in the transport of materials by 
electrophoresis it has been possible to derive relations that arc of value in checking 
the consistency of the analyses and in testing the validity of one of the assumptions. 

I. INTRODUCTION 

Four years have elapsed since Tiselius (21) described his modification of the 
moving-boundary method for the electrophoresis of proteins and related ma¬ 
terials. It is one of the purposes of this report to describe the method in its 
present form, including recent improvements in the experimental procedure. 
Moreover, the author will take this opportunity to include details of manipula¬ 
tion and procedure which have hitherto escaped publication. 

Since its introduction in 1937 the method has been used for the study of a 
variety of problems, particularly for the electrophoretic analysis of naturally 
occurring protein mixtures. Human plasma is an important example of such 
a mixture, and the analysis of this material has recently been improved by a 
study, the results of which are also reported in this paper, of the conditions under 
which satisfactory patterns may be obtained. Moreover, an interpretation 
of the patterns of protein mixtures is suggested, and the current methods of 
computing concentrations from the patterns are critically examined. 

II. THE NEW TISELIUS ELECTROPHORESIS CELL 

In the moving-boundary method for the electrophoresis of proteins a sharp 
boundary between the protein and buffer solutions is formed initially in each of 
the two sides of a U-shaped channel, with the denser protein solution underneath. 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry 
and the Division of Biological Chemistry at the 102nd meeting of the American Chemical 
Society, Atlantic City, New Jersey, September 8-12, 1941. 

323 



324 


LEWIS G. LONGSWOETH 


The latest cell devised by Tiselius (5,20) for this purpose is shown in cross section 
in figure 1 and consists of the three sections I to III. These may be slid over 
one another along the planes a-a' and b-b'. Through the cell runs a U-shaped 
channel having a rectangular cross section of 3 x 25 mm. With the cell in 
place in its support, which will be shown below, the boundaries are formed as 
follows: The bottom section III is filled with the protein solution, the filling 
extending above 6-5', and the contents of this section are then isolated by 
displacement of this section to the left, as shown at A in figure 1. One side of 
section II is filled with protein solution and the other side rinsed (with the aid 
of a long stainless-steel needle attached to a syringe), and filled with buffer 
solution, both sides being filled to a level above a-a'. After connecting to the 
electrode vessels and partially filling the latter with buffer solution, the as¬ 
sembly is placed in a thermostat regulating at 0.5°C. When thermal equilibrium 
has been established in the channel, section II is displaced to the right, after 



Fia. 1. Diagrams illustrating the initial formation of the boundaries in the Tiselius 
electrophoresis cell with the tall center section. 

which the bottom section is returned to the center, as shown in B of figure 1. 
The excess protein solution is then rinsed out of the top section and both sides 
of this section, together with the attached electrode vessels, are filled with buffer 
solution, as will be described below. Now by returning section II to the center 
position, figure 1 C, boundaries between the protein and buffer solutions are 
formed at the junction of sections I and II in one side of the channel and between 
sections II and III in the other side. 

The support for the cell and the electrode vessels, together with the mecha¬ 
nism (5) for moving the sections of the cell in relation to each other, are shown in 
figure 2. With the electrophoresis cell filled as described, but before the bound¬ 
aries have been formed, buffer solution is introduced into the electrode vessels 
to the levels 14'. The silver-silver chloride electrodes E and E' (6) are next 
inserted, care being taken not to trap air bubbles as the ground glass stopper f 
is seated. Concentrated potassium chloride is then introduced around each 
electrode by allowing 25 ml. of 1 N potassium chloride to flow slowly down each 
of the silver tubes t and t'. As the buffer solution around the electrode E, for 
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example, is displaced, the liquid level nsec, in the hollow stopper p and the 
excess buffer solution overflows through c. The tube t is closed while still 
filled with solution and the capillary rubber tube c, also filled with solution, 
is then connected, as shown in figure 2, to the syringe d, the latter having been 
previously filled with buffer solution and clamped in position in the “com¬ 
pensator.” The latter device, not shown in the figure, imparts, with the aid 
of a small synchronous motor, a uniform movement, at the desired rate, to the 
piston of the syringe. By turning the stopcock m clockwise through 90° from 



the position shown in figure 2, the right-hand side of the apparatus is closed, 
connection with the compensator being retained. It is essential that air bubbles 
be excluded from the closed side, and the manipulation outlined here achieves 
that purpose. The boundaries are then formed as has been described and are 
brought out from behind the opaque horizontal plates of the cell by slow in¬ 
jection of buffer from the syringe, after which the latter is isolated by turning the 
stopcock m through 45°. Application of a potential in the appropriate direction 
then causes, in general, the boundary in one side of the center section to rise 
and that in the other side to descend. If the protein solution contains several 
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components the mobilities of which differ sufficiently, the initially single bound¬ 
ary in each side of the channel will separate, on electrophoresis, into a number 
of separate boundaries exclusive of the 5 and e (7) effects, equal to the number of 
components in the mixture. In the electrophoresis of plasma at pH values 
above 7, all of the components are negatively charged. In this case the pattern 
of the rising boundaries may also be termed the anode or positive pattern, while 
that of the descending boundaries is the cathode or negative pattern. 

The tall center section II of figure 1 is interchangeable with, and replaces, 
the two identical short center sections of the original Tiselius cell, thereby 
eliminating the horizontal glass plates obscuring the middle of the field. With 
the new section it is possible to spread the boundaries over more than twice the 
usual distance, with the possibility of disclosing more detail in the electro¬ 
phoretic pattern. This is illustrated later in this paper, the patterns of a human 
plasma, as obtained in the short section, being shown in figure 5 and those of the 
same material in the new tall section in figure 6. Although some of the in¬ 
creased resolution apparent in figure 6 is due to the use of a different buffer 
solvent and a higher concentration of protein, the improvements of the patterns 
have, in part, been made possible by the use of the new type of center section. 
This new section is to be recommended for electrophoretic analyses and also 
for electrophoretic separations except in the case of a mixture of two components. 
In this latter case it is usually possible to fill a short compartment with a sep¬ 
arated component, and isolation of this section then permits easy recovery of 
the material. 

With mixtures of more than two components, however, it is usually not 
possible to fill a short compartment with a separated component before one of 
the boundaries has been drawn into the bottom section. Under these conditions 
the layer of solution containing the separated component may be recovered with 
the aid of the “convection-proof” pipet of Tiselius (22) or, as carried out in this 
laboratory, with a fine glass capillary attached to the compensator syringe. 
The tip of the capillary is lowered, with the aid of a rack and pinion, to the 
proper level in the channel and the desired solution withdrawn. The intro¬ 
duction of the capillary does not disturb the boundaries appreciably, and the 
entire procedure is subject to schlieren observation and control. The presence 
of the capillary in the channel does not interfere with the electrophoresis and it 
is thus possible to begin the withdrawal of material from between two boundaries 
soon after their separation has occurred. The two processes may then proceed 
simultaneously, thereby saving considerable time. 

III. RECORDING THE COMPLETE ELECTROPHORETIC PATTERN 

Probably the most important advance in electrophoresis procedure has been 
in the development of methods by means of which the complete electrophoretic 
patterns are obtained. The optical devices for this purpose are based upon an 
effect employed by Foucault and Toepler for testing lenses and called by the 
latter the “schlieren method,” since it rendered small differences of refractive 
index visible as schlieren or shadows. As originally adapted by Tiselius, a 
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boundary appeared in the focus of the schlieren camera as a dark band. This 
method, however, did not furnish information as to the variation of the re¬ 
fractive index in the boundary and was soon replaced by methods which yielded 
the complete electrophoretic pattern. The latter is a plot of the refractive- 
index gradient in a thin layer of solution in the channel as ordinate against the 
height of the layer as abscissa. One of the methods, the schlieren-scanning 
method, was developed by the author (2), while the other, the, cylindrical-lens 
method, is due to Philpot (12) and has been modified by Svensson (18, 19). 
A pattern obtained with the aid of the latter method is shown in figure 3b, 
which also includes, for comparison, a pattern of the same material as given by 
the scanning procedure (figure 3a). Both the simple schlieren and the schlieren- 
scanning methods have been adequately described elsewhere (7) and will not 
be reviewed here. 



Fig. 3. Electrophoretic patterns of a human plasma obtained with the aid of (a) the 
schlieren-scanning method and ( b ) the cylindrical-lens method. 


The cylindrical-lens method, however, affords an inexpensive and useful 
addition to the electrophoresis apparatus, and since the existing descriptions of 
its operation are not readily available to American chemists, a brief outline of 
this method will be presented here, with the aid of figure 4. An illuminated 
horizontal slit, present on the left of S but not shown in the figure, is focussed 
by means of the schlieren lens, S, in the plane of the schlieren diaphragm, D. 
The latter contains a diagonal slit, kk, as shown in the front view, D'. The 
camera objective, C, is focussed on the electrophoresis cell, E, and forms, in 
the absence of the lens H, a normal image of the cell on the ground-glass or 
photographic plate at G. The cylindrical lens, H, 2 with its axis vertical, is 

1 The objective C is a carefully corrected achromat of 2 f diameter and 36* focal length. 
It is thus used at an aperture of F/ 18. The cylindrical lens H, on the other hand, is a 
single element lens of the same diameter but has a focal length of 16* and hence works at 
the much higher aperture of F/8. Since this exceeds the maximum aperture of about F /16 
usually considered safe (11) for photography with a simple lens, the use of the uncorrected 
cylindrical lens at an aperture of F/8 doubtless introduces aberrations in the patterns. 
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focussed on the schlieren diaphragm and also on the plate at G. Viewed from 
the side (figure 4a), the cylindrical lens has no effect on the pencils of light 
forming the cell image. Thus the vertical coordinate of each point in the image 
is conjugate to the corresponding level in the channel E and, owing to the focus¬ 
sing action of the camera lens, C, this also remains true for pencils that may be 
deflected by gradients in the channel. Viewed from above, however (figure 4b), 
the cylindrical lens, in conjunction with the diagonal slit, causes, as will be 
shown below, a lateral deviation of a pencil of light that is proportional to the 
vertical deflection the pencil has suffered in a boundary. The curve to the right 
of G in figure 4a represents the pattern of the boundary, B, as it would appear 
on the screen if the latter were hinged at the side and turned toward the reader, 
whereas if it were hinged at the top and turned, the pattern would appear as 
in figure 4b. 



Fig. 4. Diagram of the cylindrical-lens method for the observation of the electrophoretic 
patterns. 


If the fluid in the electrophoresis cell is homogeneous, all of the light through 
the channel is concentrated in an image of the illuminated slit at the upper or 
normal level on the diaphragm, i.e., f' of D', or D. As can be seen from the 
figure, only the extreme left-hand portion of the light in this image passes through 
the diaphragm to form a straight vertical line, i.e., the base line, on the screen 
at the position c-/. The width of this line varies with the width of the diagonal 
slit and, since a wide line is undesirable, Svensson has made the practical sug¬ 
gestion of tapering the end of the slit kk to a point. 

If, on the other hand, a boundary B is present in the cell, a pencil through the 
layer of solution in the boundary having the maximum gradient, for example, 
is deflected downward as indicated by the line d'd and forms an image of the slit 
at the lower level d f on the diaphragm. Owing to the angle the diaphragm 
slit makes with the vertical, the portion of the light in the lower image d f that 
enters the slit is shifted laterally from the position at which the normal pencil 
enters by an amount proportional to the vertical deflection in the boundary 
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gradient. The cylindrical lens consequently imparts to this pencil a correspond¬ 
ing lateral shift in the opposite direction to the position d, figure 4b, without 
affecting its vertical position, i.e., d of figure 4a. 

The path of a pencil through another portion of the boundary is indicated by 
the line e'-e and forms the corresponding element in the pattern. All other 
elements in the complete pattern are formed similarly. 

Our camera has been modified recently so that either the scanning or the 
cylindrical-lens procedures can be used interchangeably. The cylindrical lens 
has been mounted in the aluminum tube that serves as the camera “bellows” 
in such a manner that it may be easily placed in, or removed from, the path of 
the light forming the cell image. With this lens in the optical path, a mask with 
a diagonal slit is inserted at the schlicren diaphragm and the camera then yields 
patterns of the type shown in figure 3b. When, however, the scanning pro¬ 
cedure is to be used, the diagonal slit is removed and the cylindrical lens moved 
out of the optical path. This arrangement is proving to be very satisfactory. 

Although a slit as diaphragm has been described here in conjunction with the 
cylindrical lens, one may also use a diagonal straight edge, as was done by 
Philpot. Moreover, it is also possible to use either a slit (16) or a straight edge, 
in this case in a horizontal position, with the scanning method. With either 
method a slit as diaphragm gives the pattern as an illuminated line on a dark 
background, as is indicated in figure 3b, whereas in the case of a straight edge 
the pattern is obtained as the contour between a light and a dark field, figure 3a. 
The latter type of diaphragm has been criticized in that the position of the con¬ 
tour shifts slightly with the exposure and development of the photographic 
plate, whereas the center of the line obtained with a slit is more nearly inde¬ 
pendent of these factors. While this criticism of the straight edge is justified 
theoretically, no difficulty has been experienced in keeping the error from this 
source well within the limits of accidental error from other sources. 

The cylindrical-lens method is convenient for visual observation during an 
experiment and for the control of electrophoretic separations, since the pattern 
may be viewed directly on the screen of the camera. For visual observation a 
slit diaphragm is preferable to a straight edge, since the greater quantity of light 
reaching the screen in the latter case causes a decrease in the apparent contrast 
between the pattern and the background. For photographic work, however, 
the straight edge is to be preferred, owing, in part, to the superior resolving power 
and simpler diffraction phenomena (3) characteristic of this diaphragm. Con¬ 
sequently the permanent photographic records of an experiment, on which the 
analyses are based, are obtained with a straight edge as diaphragm and with 
the scanning procedure. With the latter method the optical errors inherent in 
the uncorrected cylindrical lens are eliminated. 

IV. THE ELECTROPHORESIS OF PROTEIN MIXTURES AND CHOICE OF THE BUFFER 

SOLVENT 

Although the electrophoretic method may be used for precise measurements 
of the mobilities of pure proteins as functions of the pH and ionic strength of the 
buffer solution in which they are dissolved, the method is finding its widest 



330 


LEWIS G. LONGSWORTH 


application in the electrophoretic analysis of naturally occurring protein mix¬ 
tures. Of the many mixtures that are available for study, the plasma proteins 
are among the most important. Consequently it is of interest to consider the 
sources of error in the electrophoretic analysis of plasma and to establish the 
experimental conditions, particularly the buffer solution used as solvent for the 
plasma proteins, that yield satisfactory patterns. 

In an ideal electrophoresis of a protein mixture the volumes swept through by 
the rising and descending boundaries due to each component are identical and 
are proportional to the mobilities of the separate components. Moreover, the 
area under each “peak” in the electrophoretic pattern is proportional to the 
concentration of the component in the mixture to which it is due. In the ideal 
or limiting case the patterns for the two sides of the channel are mirror images 
of each other. The actual patterns, however, never exactly meet this condition 



-1 I- >& 


Fig. 5. Electrophoretic patterns of (r) the rising and (d) the descending boundaries of a 
human plasma, diluted 1:4, in a 0.025 N LiCl-0.025 N LiV-0.025 N HV (V =** diethylbarbi- 
turate) buffer at pH 7.9 after electrolysis, at 0.5°C., for 5750 sec. at 7.76 volts per centimeter. 
The initial boundary positions are indicated by the ends of the arrows. 

and only approach it as the protein concentration is decreased. At such low 
protein concentrations the areas under the peaks are, however, not of sufficient 
magnitude to be determined accurately, and the vertical density gradients in 
the boundaries are frequently insufficient to stabilize the latter against the dis¬ 
turbing effects of convection. 8 The asymmetries between the patterns that 
appear as the protein concentration is increased are due to the contribution of 
the protein ions to the conductance and viscosity of the buffer solution in which 
they are dissolved and also to the influence of these ions upon the pH of the 
solution and upon the transference numbers of the buffer electrolytes. Typical 

3 Thus it has been found necessary to use a smaller current for the electrophoresis of, 
say, a 0.1 per cent solution of a protein in a given buffer than for a 1 per cent solution in the 
same solvent. The importance of the vertical density gradient in reducing disturbances 
due to convection and electroosmosis is also illustrated by the work of Shedlovsky and 
Smadel (14) on the elementary bodies of vaccinia. 
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asymmetries, i.e., “boundary anomalies,” are illustrated in the patterns of 
figures 5 to 7. Thus the rising boundary due to albumin is sharper than the 
corresponding descending boundary. Boundaries characterized by large 
gradients, such as the rising albumin spike of figure 7, are not desirable for the 
practical reason that they cannot be recorded completely and, theoretically, 
because their areas are subject to the convergence and curvature errors dis¬ 
cussed by Svensson (19). Moreover, all of the rising boundaries in the figures 
have swept through larger volumes, but have smaller areas, than the correspond- 

TABLE 1 


Buffer solutions used as solvents for the electrophoretic analysis of human plasmas and sera 


(1) 

BUFFER 

(2) 

M 

(3) 

6 

H 

< 

a 

(4) 

o 

X 

CQ 

M 

(S) 

S3 

^ V) 

P 

(6) 

• 

§ 

I 

(7) 

o 

p 

(8) 

> 

t/i 

(9) 

h 

a s 

0) H 

0.1 N NaCact-0.02 N HCac. 

0.1 

6.8 

3.10 

P 

1:2 

t 

0.65 

Yes 

0.008 M NaHjPO.-0.064 M NajHPO.. 

0.2 

7.7 

4.81 

P 

1:2 

65 

0.39 

Yes 

0.004 M NaHjPO.-0.032 M Na,HPO.. 

0.1 

7.7 

2.62 

S 

1:4 

5 

0.52 

Yesf 

0.025 N LiV||-0.025 N HV-0.025 N LiCl. 

0.05 

7.9 

1.96 

P 

! 1:4 

5 

0.75 

No 

0.025 N LiV-0.025 N HV-0.075 N LiCl .... 
0.025 N Li V-0.025 iVHV-0.0675 N LiCl-0.0025 

0.1 

7.9 

3.97 

s 

1:4 

1 

4 

0.75 

No 

M CaCl 2 . 

0.1 

7.9 

4.00 

s 

1:4 

4 

0.70 

No 

0.02 N NaV-0.02 N HV-O.08 N NaCl . 

0.1 

7.9 

5.13 

p 

1:2 

5 

0.54 

No 

0.04 N NaV-0.02 N HV-0.06 N NaCl. 

0.1 

8.2 

4.58 

p 

1:2 

7 

0.56 

Yes If 

0.025 N NaHCOj-0.1 N NaCl. 

0.125 

8.2 

6.64 

s 

1:4 

4§ 

0.54 

No 

0.1 N NaV-0.02 N HV. 

0.1 

8.6 

3.03 

p 

1:2 

7 

0.81 

Yes 

0.1 N LiV-0.02 N HV. 

0.1 

8.6 

2.41 

p 

1:2 

7 

0.81 

Yes If 

0.1 N NaOH-0.6 N glycine. j 

0.1 

9.0 

3.48 

p 

1:2 

6§ 

0.44 

Yes If 


* With a dilution of 1:2 the new tall center section was used, otherwise the old short 
section. 

t Cac = cacodyl ate. 

t Partial precipitation of the proteins occurred in this buffer solvent. 

§ Incomplete separation of a i from albumin. 

If Separation was less complete than in 0.1 N NaV at pH 8.6. 

|| V = diethylbarbiturate. 


ing descending boundaries. Finally, there are the 8 and e peaks, of quite differ¬ 
ent areas, that do not correspond to any component of plasma. The e boundary 
represents a gradient of buffer electrolyte concentration that remains, on electro¬ 
phoresis, near the initial boundary position. The 8 boundary, on the other hand, 
is due to concentration gradients of both buffer salts and proteins. Moreover, 
it was suggested in an earlier paper (7) that the salt gradients in the 8 and e 
boundaries are balanced, partially at least, by small changes of salt concentra¬ 
tion across each of the protein boundaries. These inverted salt gradients in the 
protein boundaries decrease the area of the latter slightly and, as will be shown 
below, should be considered in interpreting the patterns. 
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The abnormally sharp spike usually observed in the descending 0 -globulin 
boundary is a different type of asymmetry from those mentioned above and 
appears to be characteristic of this component. 

The author has obtained patterns of human plasma, or serum, in a series of 
buffer solutions the compositions, ionic strengths, pH values, and specific con¬ 
ductances of which are given in the first four columns, respectively, of table 1 . 
Three of these patterns, all of the same sample of plasma, are reproduced in 
figures 5 to 7 and the corresponding experimental conditions are recorded in the 
legends for the figures. The patterns of figure 5 were obtained under the same 
conditions as in previous work (9) from this laboratory on plasma and serum. 
A comparison of the patterns of this figure with those of figure 6 indicates that 



Fig. 6 . Electrophoretic patterns of the same plasma as that shown in figure 5 but diluted 
1:2 and dissolved in a 0.1 N NaV-0.02 N HV buffer at pH 8.6. Patterns were obtained after 
electrolysis for 14,000 sec. at 5.38 volts per centimeter. 

in the 0.1 N sodium diethylbarbiturate buffer at pH 8 . 6 , a previously unrecog¬ 
nized component, designated as «i, has separated from the albumin. Also the 
5 and e boundaries have separated from the peak due to 7 -globulin, thereby per¬ 
mitting a more accurate determination of the concentration of this important 
component. 

The patterns of figure 7 were obtained in the buffer solvent used by Svensson 
(20) in his work on animal sera. In this solvent the arglobulin appears only 
as a shoulder on the albumin peak, fibrinogen, </>, is not adequately separated 
from the 0 -globulin, and the rising albumin boundary is too sharp to be recorded 
completely. Horse plasma was also examined in the same solvents as those used 
in obtaining the patterns of figures 6 and 7. In contrast with human plasma 
this material gave a more satisfactory pattern in the phosphate than in the 
diethylbarbiturate buffer, thereby suggesting that the proper solvent for the 
analysis of the plasma of a given type of animal varies with the species and should 
be determined experimentally. 
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Sufficient data pertaining to the patterns obtained in the other solvents listed 
in table 1 are included in that table to show that, on the basis of symmetry and 
number of peaks clearly resolved, none is superior to the 0.1 N sodium di- 
ethylbarbiturate solution at pH 8.6 used in obtaining the patterns of figure 6 . 
The letter in the fifth column indicates whether serum, S, or plasma, P, was the 
material studied. The dilution factor is given in column 6 of the table and in 
the next column the number of clearly resolved peaks in the pattern. One more 
peak, due to fibrinogen, is expected in a plasma pattern than in a serum pattern. 
In column 8 is given the ratio of the maximum refractive index gradient in the 
descending albumin boundary to that in the rising albumin boundary. While 
this ratio depends upon a number of factors, it nevertheless furnishes an index 



Fig. 7. Electrophoretic patterns of the same plasma as that shown in figure 5 but diluted 
1:2 and dissolved in a 0.008 M NaH 2 P04-0.064 M NajHP 04 buffer at pH 7.7. Patterns 
were obtained after electrolysis for 20,500 sec. at 4.67 volts per centimeter. 

of the symmetry of the patterns, the value approaching unity in the ideal case. 
As Svensson has suggested (20), a rapid spreading of the descending albumin 
boundary is undesirable, since the adjacent globulin peak is apt to be masked, 
as is the case with the «i component in figure 7d. Separation of the b and c 
boundaries from the 7 -globulin peak is indicated in the last column of the table. 

The same sample of material was not used in all of the experiments reported 
in table 1 and it is not possible, therefore, to make a quantitative study of the 
effect of the buffer solvent upon the relative concentrations of the components. 
There is some evidence (4, 15) that the buffer ions do have specific effects on 
protein mobilities. Consequently the redistribution of mobilities that occurs 
when one buffer solvent is substituted for another may cause appreciable varia¬ 
tions in the apparent composition of a plasma. The following observation was, 
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however, made in connection with the patterns represented by table 1 : Of the 
solvents listed in that table, the 0.025 N sodium bicarbonate-0.1 N sodium 
chloride solution at pH 8.2 is nearest in ionic composition to that of blood, and 
the analysis of a serum in this solvent was in good agreement with the analysis 
of the same serum in the diethylbarbiturate solvent used in our early work on 
human plasmas and sera. Moreover, the patterns of figures 5 and 6 are of the 
same sample of plasma and yield closely agreeing results if account is taken of 
the fact that, in figure 5, ai migrated with the albumin and the 7 -globulin did 
not separate from the 8 and e boundaries. These observations appear to justify 
the use of the diethylbarbiturate buffer as solvent for the plasma proteins, in 
spite of the fact that this buffer ion is not a normal component of blood. 

Some additional observations in connection with table 1 are worthy of note. 
Although pattern asymmetries are reduced by increased ionic strengths, the 
improvement is generally more marked if the increase is due to buffer salt, 
which simultaneously raises the buffer capacity, than if it is due to neutral salt. 

A pattern obtained in a 0.1 N lithium diethylbarbiturate solution at pH 8.6 
was quite indistinguishable from a pattern of the same material in a solution of 
the corresponding sodium salt, except that in the latter solvent greater separation 
between the 5, or e, boundary and the 7 -globulin boundary occurred. This 
observation has been of value in the interpretation of the 8 and e effects. In 
figure 6 d, in which the end of the arrow indicates the initial boundary position, 
it can be seen that the separation between the 7 and e boundaries is due, in part, 
to a slight cathodic displacement of the latter boundary. This displacement is 
known to be proportional to the change of the transference number, T+, with 
the concentration (10). From the conductance data of table 1 and the mobility 
of the sodium ion, one can estimate a value of T+ = 0.73 for 0.1 N sodium 
diethylbarbiturate and 0.66 for 0.1 N lithium diethylbarbiturate. Since the 
change of transference number with concentration is roughly proportional to 
the deviation of T+ from 0.5 (1), this change is less for the lithium salt than for 
the sodium salt and, in agreement with theory, the observed cathodic displace¬ 
ment of the € boundary is less in the 0.1 N lithium diethylbarbiturate buffer 
than in the 0.1 AT sodium diethylbarbiturate buffer solution. 

V. INTERPRETATION OF THE ELECTROPHORETIC PATTERNS OF PLASMA 
A. Determination of relative concentrations 

Since the specific refractive increments of the electrophoretically separable 
plasma proteins have not yet been measured it is only possible, at present, to 
determine their concentrations as differences in refractive index and not in 
terms of protein nitrogen or dry weight. The available evidence indicates that 
the refractive index is proportional to the protein concentration as determined 
by other methods, although the proportionality factor doubtless varies with the 
nature of the protein. While it would be of considerable interest to compare 
concentrations, as determined from the areas of the electrophoretic patterns, 
with values given by other methods, the present lack of knowledge of the specific 
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refractive increments cannot be considered a limitation of the electrophoretic 
method, since there is no a priori reason for selecting one method of measuring 
protein concentrations in preference to others. 

In determining the area, A it due to a given component, i, in the pattern it 
has been customary to make a more or less arbitrary separation, owing to the 
fact that the gradients of the different boundaries overlap. Following the pro¬ 
cedure of Tiselius and Rabat (23), this has been done by drawing an ordinate 



Fig. 8. Tracing of the electrophoretic pattern of figure 6d. In this diagram two methods 
of distributing the areas among the plasma components are illustrated. 

TABLE 2 


Concentrations and electrophoretic volume displacements of the components of a human plasma 



COMPONENT t 

A 

ai 

as 

0 

0 

y 

6 

• 

1 

Aid 

356 

54 

85 

181 

61 

77 


67 



(343) 

(72) 

(64) 

(199) 

(50) 

(76) 


(77) 

2 

Air 

325 

45 

75 

163 

56 

77 

141 


3 

Aid/A Ad 


0.152 

0.239 

0.508 

0.171 

0.216 



4 

Ai r /A av 


0.138 

0.231 

0.502 

0.172 

0.237 



5 

Vid (ml.) 

3.297 

2.699 

2.208 

1.568 

1.144 

0.659 


0.128 

6 

V tr (ml.) 

3.597 

3.037 

2.520 

1.815 

1.376 

0.811 

0.305 


7 

j Pi (eq. 5) 

0.923 

0.899 

0.890 

0.884 

0.862 

0.864 




from the lowest point between two adjacent peaks. These ordinates are shown 
as dotted lines in figure 8, which is a tracing of the cathode pattern of figure 6. 
If it is divided in this manner, the areas under the various peaks have the values 
in arbitrary planimeter units, given in the first line of table 2. With the ex¬ 
ception of the peak due to /3-globulin, it is also possible to resolve, as described 
by Pedersen (17), the pattern into a series of symmetrical curves. These curves 
are indicated by the light lines of figure 8 and the corresponding areas are re¬ 
corded in parentheses in table 2. The two methods yield values for the areas 
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that differ by as much as 33 per cent in the case of a 2 -globulin and exhibit an 
average deviation of 15 per cent. The plasma globulins, with the exception of 
fibrinogen, are so far differentiated entirely on the basis of their electrophoretic 
mobilities. The differences in areas noted above are due, partially at least, to 
the fact that the two methods of dividing the pattern define the globulins by 
assigning to each a somewhat different range of mobilities. The method of 
Tiselius and Kabat enjoys the advantage of simplicity. In using the latter 
method the author has observed that the distribution of areas among the peaks 
shifts slightly as the distances between them increase and appears to approach 
that given by the Pedersen method. The arbitrary nature of the methods of 
separation must be recognized. The comparison made above may serve to 
indicate the uncertainties that arise from this source. 

B. Assumptions 

As previously noted, there are small salt gradients in each of the protein 
boundaries and the observed area, A», is thus the sum of an area, P t , due to 
gradients of the i th protein alone and an area, — S iy due to salt, the negative sign 
indicating the inverted nature of this gradient. Since the magnitudes of these 
salt gradients are not known, except that they are relatively small, it has been 
found convenient to make certain assumptions regarding them in order to com¬ 
pute, from data obtained from the electrophoretic patterns, relative concen¬ 
trations of the proteins. Thus the concentration of one protein component 
relative to that of another, say albumin, may be computed from values of 
from the cathode pattern, designated as A id since they refer to the descending 
boundaries, if the assumptions are made (I) that Si is proportional to Pi and 
(II) that the proportionality factor is the same for all components. With 
these assumptions Pid/PAd = A id /A Ad . This relation was used in computing 
the concentrations of the plasma globulins, relative to albumin, from the pattern 
of figure 6; the results are given in the third line of table 2. 

Values of Ai from the anode pattern, i.e., since they refer to the rising 
boundaries, may also be used to compute relative concentrations if the additional 
assumption (III) is made that all of the protein components are held in the same 
proportion through the 8 boundary. Values of Ai r /A Ar are given in the fourth 
line of table 2 and are in reasonably good agreement with corresponding values 
of Ai d IA Ad . 

The available evidence indicates that the first of the assumptions made in 
these computations, namely, that the salt gradients in a protein boundary are 
proportional to the gradients of protein, is valid. 4 The second assumption that 
the proportionality constant is the same for all proteins probably introduces, 
on the other hand, a small error, since it is unlikely that all proteins influence 
the transference of the buffer electrolytes to the same extent. The third assump¬ 
tion that all components are held in the same proportion through the 8 boundary 
places restrictions, as will be shown below, upon the volume displacements of 

4 The author has observed (see 13), for example, that the transference number of potas¬ 
sium chloride in aqueous solution varies linearly with the concentration of added glycine. 
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the various components as well as upon the areas. Since the displacements can 
be measured with somewhat more precision than the areas, it is thus possible 
to test the validity of the third assumption. In order to obtain the relations 
required for this test it is necessary to consider the transference of material 
from one side of the channel to the other during electrophoresis and to apply the 
principle of the conservation of matter to these processes. 

C. Electrophoretic transference of proteins and buffer electrolytes 

Since the passage of an electric current does not produce changes of composi¬ 
tion in the body of a homogeneous solution, the composition of the protein 
solution in the bottom section, and also that of the buffer solution in the two 
sides of the top section, remains constant during electrophoresis. The total 
area of an electrophoretic pattern is thus proportional to the integral 

/ ( dn/dh)dh = n P — n B 

J B 

in which n is the refractive index at the level h in the channel. The integration 
is from the original protein solution P to the buffer solution B and, since these 
limits are the same for both anode and cathode patterns, the total areas of the 
two patterns are the same and are independent of the time during electrophoresis 
at which the patterns are recorded. This relation may be written as 

A t + 'EAid = At + 


or as its equivalent, 

At + 2(P t d - Sid) = Pi + Ss + 2(P*> — Sir) (1) 

in which the summation is for all of the protein components and P$ and S& are 
the portions of the area of the 8 peak due to protein and salt gradients, respec¬ 
tively. 

During electrophoresis the plasma proteins neither enter nor leave the cell. 
Consequently, if the cathode pattern indicates a loss of one of these components, 
the anode pattern should indicate a corresponding gain in that component. 
If Vid is the volume through which the z th component descends, the loss of this 
component from the cathode channel is proportional to VidPid and this must 
equal the corresponding gain, P t >T,> — (Pid — Pir)Vs, in the anode channel. 
Thus for each of the i components 

VidPid = VirPir ~ (Pid - P<r)Vl ( 2 ) 

Considerable quantities of buffer electrolytes, on the other hand, move through 
the cell during an experiment. The total amounts of these materials in the cell 
at any instant remain essentially constant, 5 however, and from considerations 

* Negligibly small quantities of buffer electrolytes may be gained, or lost, by the cell, 
owing to small volume changes resulting from electrophoretic separation if the specific 
volumes of the various components are not additive. 



338 


LEWIS G. LONGSWORTH 


similar to those above, i.e., conservation of matter, the following relation may 
be obtained: 


A t V e + ZSuVi* = SsV> + ZSirVir (3) 

Since the net movement of buffer salts is from the anode to the cathode side of 
the channel and that of protein is in the opposite direction, the total transport 
of material is given by the difference between equation 2, summed over all 
protein components, and equation 3, i.e., 

s V id (P id - S id ) - A € V t = XVUPir ~ Sir) - Vt[S> + 2(P« - Pir)] 

but 


P» — Si = At, 2(P — P ir ) = P a , and Pj + S& = As 
Therefore, 

2V id A id - V t A< = SVirAir - VsAs (4) 

The relation 4 states that, if the area of each peak in the pattern be multiplied 
by the volume displacement of the peak, account being taken of the direction 
of migration, the sum of these products for the anode pattern is equal to the 
corresponding sum for the cathode pattern. Although equations 1 and 4 have 
been derived with reference to the electrophoretic analysis of plasma, they are 
valid for protein mixtures generally and represent two relations that may be 
used to advantage in checking these analyses. The relation 4 will be recognized 
as analogous to the well-known test for a successful transference experiment by 
the Hittorf or gravimetric method,—namely, that the loss of material at one 
electrode should equal the gain at the other electrode. From the data of table 2 
a value of 1903 may be computed for the left-hand members of equation 4. 
This differs by 0.8 per cent from the value, 1887, obtained for the right-hand 
terms. 


D. The 5 boundary and a test of assumption III 

Since P* r and P** are measures of the concentration of the i th component on 
the two sides of the 5 boundary, the ratio Pi r /P% d , which may be designated 
Pi, is the dilution that a component undergoes in this boundary. Solution of 
equation 2 for this ratio gives 

Pir/Pia = Pi = {V id + Vs)/{V ir + Vs) (5) 

an expression for p, involving only boundary displacements. Values of the 
latter, as obtained from the pattern of figure 6d, are recorded in lines 5 and 6 
of table 2, and in the last line of this table are reported values of p» for each 
component as given by equation 5. It may be noted that the values of p t are 
not strictly constant, as required by the assumption III that all components are 
held in the same proportion through the 5 boundary, but show a drift that is 
outside the limit of error in the volume determinations. 

It is also possible to compute values of p< from determinations of area. Thus 
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with the aid of assumption I, p; = Ai.r., p< is the ratio of the area of the 
i l peak in the anode pattern to that of the corresponding peak in the cathode 
pattern. In the case of plasma only the areas of the albumin peaks are of 
sufficient magnitude to give a reasonably accurate value, i.e., 0.913, for p A . 
This value, it will be noted, is in satisfactory agreement with the corresponding 
value, 0.923, from the displacements of the albumin boundaries. 

An average value, p, for all components may be computed with the aid of 
equation 1, i.e., 


p = 2A ir /2A< d = (At - Ai)/At - A t ) 

in which A t is the total area of either the anode or the cathode pattern. The 
data of table 2 yield the value of 0.909 for p. This is also in approximate agree¬ 
ment with an average value of pi from table 2 . Thus in all cases in which the 
areas can be determined with sufficient precision they lead to values of p in 
essential agreement with those computed from the boundary displacements. 

The small variations among the values of p for the different plasma proteins, 
as recorded in the last line of table 2 , would appear to indicate that assumption 
III is not strictly valid but represents a close approximation. In the preceding 
discussion of the electrophoretic analysis of plasma, it has been tacitly assumed 
that there is no interaction between the protein components, i.e., that one pro¬ 
tein has no influence upon the transference of another protein. From a com¬ 
parison with systems in which interaction is known to occur ( 8 ), the plasma 
patterns appear to be relatively free from this effect, although it should be recog¬ 
nized that some of the observed asymmetries may possibly be due to such in¬ 
teraction. 

The author wishes to thank Drs. R. FT. Pembroke and R. M. Curtis of the 
Union Memorial Hospital, Baltimore, Maryland, for several of the samples of 
plasma used in this research, and Drs. D. A. Maclnnes and T. Shedlovsky of 
this laboratory for helpful discussion and criticism. 

REFERENCES 

(1) Longsworth, L. G.: J. Am. Chem. Soc. 64, 2741 (1932). 

(2) Longsworth, L. G.: J. Am. Chem. Soc. 61, 629 (1939). 

(3) Longsworth, L. G.: Ann. N. Y. Acad. Sci. 39, 187 (1939). 

(4) Longsworth, L. G.: Ann. N. Y. Acad. Sci. 41, 267 (1941). 

(5) Longsworth, L. G., Cannan, R. K., and MacInnes, D. A.: J. Am. Chem. Soc. 62, 

2580 (1940). 

(6) Longsworth, L. G., and MacInnes, D. A.: Chem. Rev. 24, 271 (1939). 

(7) Longsworth, L. G., and MacInnes, D. A.: J. Am. Chem. Soc. 62, 705 (1940). 

(8) Longsworth, L. G., and MacInnes, D. A. : J. Gen'. Physiol. 26, 507 (1941-42). 

(9) LoNGswoRTn, L. G., Shedlovsky, T., and MacInnes, D. A.: J. Exptl. Med. 70, 399 

(1939). 

(10) MacInnes, D. A., and Longsworth, L. G.: Chem. Rev. 11, 171 (1932). 

(11) Neblette, C. B.: Photography, Principles and Practice, pp. 38,105. D. Van Nostrand 

Co., New York (1930). 

(12) Philpot, J. S. L.: Nature 141, 283 (1938). 



340 


LEWIS G. LONGS WORTH 


(13) Roberts, R. M., and Kirkwood, J. G.: J. Am. Chem. Soc. 63,1373 (1941). 

(14) Shedlovsky, T., and Smadel, J. E.: J. Exptl. Med. 72, 511 (1940). 

(15) Steinhardt, J.: Ann. N. Y. Acad. Sci. 41, 287 (1941). 

(16) Stern, K. G., and Du Bois, D.: Yale J. Biol. Med. 13, 509 (1941). 

(17) Svedberg, T., and Pedersen, K. 0.: The Ultracentrifuge , p. 296. Oxford University 

Press, London (1940). 

(18) Svensson, H.: Kolloid-Z. 87, 181 (1939). 

(19) Svensson, H.: Kolloid-Z. 90, 141 (1940). 

(20) Svensson, H.: J. Biol. Chem. 139, 805 (1941). 

(21) Tiselius, A.: Trans. Faraday Soc. 33 , 524 (1937). 

(22) Tiselius, A.: Kolloid-Z. 85, 129 (1938). 

(23) Tiselius, A., and Kabat, E. A.: J. Exptl. Med. 69, 119 (1939). 



THE ULTRACENTRIFUGE 

Practical Aspects of the Ultracentrifugal Analysis of Proteins 1 

E. G. PICKELS 

Laboratories of the International Health Division of The Rockefeller Foundation, New York , 

New York 

Received March 26, 1942 

The Svedberg equations for determining molecular weights by ultracentrifugal 
analysis are shown to be valid only if the proper significance is attached to certain 
of the involved terms. Emphasis is placed on the physical principles involved in 
the method, with special reference to the effects of hydration. Probable reasons 
are given for the formerly unsuccessful attempts to make accurate diffusion meas¬ 
urements in the ultracentrifuge, and a new method of increasing the precision of 
such measurements is presented. Various conditions of experimentation are 
discussed, and hydrostatic compression of the fluid being centrifuged is shown to 
exert no stabilizing action with respect to convective disturbances. Various 
types of ultracentrifuges are reviewed briefly. An explanation is presented of the 
working principles involved in recently developed optical methods based on the 
refraction of light. 


1. INTRODUCTION 

The history of ultracentrifugation dates back to the development of a small 
“optical centrifuge ,, by Svedberg and Nichols at the University of Wisconsin 
in 1923 (2). In the following year Svedberg and Rinde described improvements 
in the apparatus and its application to the determination of size-distribution 
among gold sols (3). They proposed the name “ultraccntrifugc” for the new 
research tool and recommended that the term be reserved to denote an instru¬ 
ment by means of which sedimentation in a centrifugal field is measured quan¬ 
titatively. They suggested that an ordinary laboratory centrifuge of high speed 
might be called a “supercentrifuge.” However, in recent years it has become 
the practice of many investigators to associate the term “ultracentrifuge” with 
any type of high-speed centrifuge rather than with the original connotation of 
quantitative measurement. 

A thorough bibliography of the literature pertaining to the construction and 
applications of ultracentrifuges of all types prior to 1940 has been included in 
The Ultracentrifuge by Svedberg, Pedersen, and their collaborators (1). The 
purpose of this paper is to review briefly from both a theoretical and a technical 
standpoint the principal points of the ultracentrifugal method, and to discuss 
some of its less generally recognized aspects which have been given attention in 
our laboratory. 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistrv, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Cfeemistry at the 102nd Meeting of the American Chemical So¬ 
ciety, Atlantic City, New Jersey, September 8-12,1941. 
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II. THEORY 

Svedberg (12) has derived mathematical equations which show the relationship 
existing between the molecular weight of homogeneous particles and their sedi¬ 
mentation characteristics under certain conditions in an ultracentrifuge. These 
equations apply strictly only for dilute solutions of particles which are large in 
comparison with the molecules constituting the medium and which are 
electrically neutral with respect to the medium. Consider a suspension of 
particles of molecular weight M revolving in a centrifuge at an angular velocity 
of o) radians per second. Assume that the particles under observation are far 
enough from the bounding surfaces of the fluid to be uninfluenced by alterations 
of particle concentration in these regions. The net force acting on a mole of 
these particles at a distance x from the axis of rotation is simply the difference 
between their combined centrifugal weight and the buoyancy exerted by the 
displaced medium, i.e., 

F e - MJx - M p ~~ or F c = Mux - MVpux (1) 

O' 


where p is the density of the medium and <r is the density of the particles. The 
latter is equivalent to 1/F, where F is the partial specific volume of the particles. 
Disregarding the negligible forces due to the slight acceleration in the speed of 
the particles with time, the force F c is exactly counterbalanced by a frictional 
force which is proportional only to the sedimentation velocity of the particles 
and to a factor dependent upon the extent and shape of the surface of the par¬ 
ticles. The frictional force on each mole per unit speed is called the frictional 
coefficient, Thus, 

1 _ = F. =f.dx/dt (2) 



where t is the time. In this expression ^-/w 2 x is the sedimentation 

at 

unit field of force and is usually denoted by s. Rewriting the equation, we 


vuiuuity pel 

have 


s 



or 


Sf„ = 



(3) 


The diffusion constant D, which expresses the rate at which the particles will 
diffuse, is also inversely proportional to a molar frictional coefficient f D : 


D = 


RT 


(4) 


R is the gas constant and T the absolute temperature. It should be noted that 
a change in the mass of particles does not affect the diffusion rate directly but 
only in so far as it is associated with a change in the fractional coefficient. This 
is true by reason of the fact that the kinetic energy of a particle is independent of 
its mass. Theoretical and experimental evidence justify the assumptions that 
the random orientation of molecular particles during either diffusion or sedi- 
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mentation is not appreciably altered and that, for the same medium at the same 
temperature T , /« = f D to a very close approximation. Eliminating the frictional 
coefficient from equations 3 and 4, one obtains Svedberg’s formula for the molec¬ 
ular weight as determined by the sedimentation velocity method: 



In general, sedimentation and diffusion experiments are performed at different 
temperatures and, for the sake of comparisons, it is customary to correct meas¬ 
ured values of D and s to some standard temperature, usually T = 293° Absolute. 
Svedberg has standardized conditions even further and expresses each measure¬ 
ment of sedimentation in terms of a (i ‘sedimentation constant,” s 2 o, which is the 
rate the material would have in a hypothetical medium having the density and 
viscosity of water at 20°C. or 293° Absolute: 


$20 ~ 


S 7 l(gr — p w 20 ) 
Vu,2o(<T — p) 


( 6 ) 


where rj denotes viscosity. 

If the particles under consideration are known to be spherical and unhydrated, 
the molecular weight can be determined without the diffusion constant by sub¬ 
stituting in equation 2 the value of the molar frictional coefficient for spherical 
particles: 


f Q = 67T7 rjN 


(mV 13 

\-1ttN a / 


(7) 


in which N is the Avogadro constant. This method of estimating the size is 
often useful in the case of non-spherical molecules for which diffusion data are 
not available. It yields a minimum possible molecular weight regardless of the 
particle shape or the degree of hydration. When the Svedberg formula (equa¬ 
tion 5) can be applied, some idea of the departure of the molecular species from 
the spherical shape can be obtained by comparing / 0 with / as determined from 
equation 2. f/f 0 is called the frictional ratio and always has a value equal to or 
greater than 1. However, values above unity may be caused by hydration, as 
well as by a lack of spherical symmetry, and experiments of another nature would 
be required to settle the question. Almost all the proteins studied by Svedberg 
(13) and his associates have shown frictional ratios between 1 and 2. 

The sedimentation equations given above refer strictly only to particles 
isolated from the bounding surfaces of the fluid. However, Svedberg and Rinde 
(3) have shown that for the purposes of measurement use can be made of a small 
sector-shaped cell which has two flat walls oriented at right angles to the axis of 
rotation and two others which, if extended, would intersect along the axis. Par¬ 
ticles originally close to any of these walls continue during sedimentation to 
pursue an average course parallel to the wall so that their radial movement 
proceeds just as if the bounding surfaces were further removed. However, with 
the passage of time the concentration of particles does progressively increase 
near the bottom of the cell and decrease at the top, but if the centrifugal force 
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is sufficiently high, measurements of rate can still be made, as will be shown. 
The particles originally at the top or inner surface of the fluid migrate together, 
forming a “rear line of march” or moving boundary which demarcates the 
supernatant fluid and sedimenting solute. The sedimentation rate is deter¬ 
mined by measuring the position of this boundary at intervals. Generally the 
boundary becomes progressively less well defined with time, because of a super¬ 
imposed diffusion of particles across the boundary. However, the position which 
the boundary would have had in the absence of diffusion is simply the level at 
which the concentration is one-half that in the lower unaffected sections. When 
the rate of sedimentation is rapid enough in comparison to the diffusion process 
there exists for some time, between the diffuse boundary and the section of the 
cell in which the particles are accumulating against the wall, a region in which 
the concentration is nearly uniform throughout. The concentration in this 
region decreases at a steady rate during a constant-speed centrifugation because 
of diverging radial movements of the particles and because of the fact that the 
centrifugal force, and consequently the speed of migration, increases with the dis¬ 
tance from the axis of rotation. The relation between this concentration C t at 
any time t and the original concentration Co has been shown by Svedberg and 
Rinde (3) to be given by: 



where x 0 and x t are the respective radial distances of the meniscus and the bound¬ 
ary at time t. 

If sedimentation is allowed to progress for a sufficiently long time, usually at a 
rotational speed considerably lower than that used for the sedimentation velocity 
method, a state of equilibrium is reached in which the tendency of the particles 
to sediment is exactly counterbalanced by their tendency to diffuse back into 
the medium. The molecular weight can then be determined by comparing the 
concentrations Ci and C 2 of particles at two radial distances Xi and x 2 . The 
formula for the sedimentation equilibrium method as given by Svedberg is: 

M = “W- (9) 

(1 - £)«’(*! - *!) 

The sedimentation equilibrium method is most useful for the investigation of 
purified preparations which are known to be homogeneous, since in a mixture the 
contributions of several species to the distribution of total concentration are not 
easily differentiated. The sedimentation velocity method, on the other hand, is 
ideal for the study of mixtures, since an individual boundary is obtained for each 
species the rate of which is sufficiently different from that of the other compo¬ 
nents. The method is of great assistance in judging the purity and homogeneity 
of a sedimentable material. 

In the equations given for the determination of molecular weight it has been 
assumed, as already stated, that the particles are electrically neutral with respect 
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to the medium, i.e., that they are not electrostatically attracted and influenced 
by smaller diffusible ions which sediment more slowly and diffuse faster. How¬ 
ever, Tiselius (17) has shown that where electrical dissociation is present, the 
effect on the sedimentation rate of the principal particle can be rendered negli¬ 
gible by the addition of sufficient non-sedimenting electrolyte. About 1 per 
cent sodium chloride is usually used to suppress this Donnan effect. 

III. HYDRATION 

Of the several quantities which enter into the computation of molecular weight 
from sedimentation data, the density of the particles is the one which has aroused 
the greatest uncertainty, because it does not lend itself readily to direct measure¬ 
ment. The density of dried or crystallized material can be determined by 
measuring with a pycnometer the volume displaced by a known weight of sub¬ 
stance. However, because of the possibility of hydration there is considerable 
doubt as to whether this represents the effective density of the particles sedi¬ 
menting in a centrifugal field. This problem has been treated mathematically 
by Kraemcr (15), who showed that even a comparatively large amount of hydra¬ 
tion should not introduce a serious error into the determination of molecular 
weight according to the Svedberg equations. Because of the importance of 
hydration, it is considered worth while to discuss the physical principles which 
form the basis of the mathematical results. Usually the density of a suspending 
aqueous medium is not greatly different from that of water. As a simplification, 
consider a case in which they are equal. Even though the volume of a particle 
is then increased by the attachment or inclusion of water molecules, the net force 
tending to sediment the particle will not be altered, assuming that the average 
density of the fluid is not changed by the attachment. This is true by reason of 
the fact that the force acting on the bound water is exactly balanced by the 
buoyancy of the surrounding medium. It will thus be seen that the hydration 
has produced no alteration in equation 1, even though M is the molecular weight 
and (t the density of the unhydrated particle. 

Although the net centrifugal force acting on the particle under consideration 
is unchanged by hydration, the size of the particle, and hence its frictional co¬ 
efficient, is increased. Let the subscript h be used to differentiate quantities 
which refer to the hydrated state. If the same net force acts on the particle 
regardless of whether it is in the hydrated or unhydrated state, then, since 
F c = fdx/dt, the sedimentation rates for the two cases will compare as the recip¬ 
rocals of the respective frictional coefficients; i.e., 

- = t or sf = Shfk 
s Jh 

This substitution for sf can be made into equation 3, giving 

Wa = 3/(i -0 
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Equation 4 can, of course, be rewritten immediately for hydrated particles: 



Eliminating the frictional coefficient between these equations as before, we obtain 
for the molecular weight of the unhydrated molecule, 



which differs from equation 5 only in that the experimentally determined values 
of the diffusion and sedimentation rates have been obtained with hydrated par¬ 
ticles. a still refers to the unhydrated state. Thus the molecular weight of the 
unhydrated molecule is given by the Svedberg equation regardless of whether 
the corresponding sedimentation and diffusion measurements are made on 
material existing in a hydrated or unhydrated state. 

Where the material bound from the medium by the particle is of a density 
different from that of the medium itself, we may proceed with the same argu¬ 
ment, except that in starting, equation 2 is written as 



Here, Z is simply the ratio between the true weight of a mole and the true weight 
increased by the difference between the weight of the bound material and the 
weight of an equal volume of the suspending medium. The proportional error 
in a molecular weight determination is then Z — 1, which in most experimental 
cases is quite negligible. 

Consideration of the principles outlined emphasizes the importance of per¬ 
forming the sedimentation and diffusion measurements in identical media under 
similar experimental conditions, in order that the respective frictional ratios will 
have the same value. Furthermore, it should be noted that the molecular 
weight determined by equation 10 is the molecular weight of particles in such a 
state that their density is the same as that which characterizes the material when 
the weight of a sample is determined. This is true whether the determination is 
based on chemical composition or on direct measurements with dried or crystal¬ 
line material. It can be shown that the above considerations with respect to 
hydration and particle density apply in exactly the same manner when molecular- 
weight determinations are made by the sedimentation equilibrium method. 


IV. APPARATUS 

The Svedberg high-speed ultracentrifuge (6) rotor is driven by oil under pres¬ 
sure and rotates in a reduced atmosphere of hydrogen gas. The sector-shaped 
cells generally accommodate a column of solution about 16 mm. long and are 
spun in the rotor at speeds up to approximately 70,000 r.p.m. The thickness of 
the solution column parallel to the axis of rotation is usually less than 12 mm., 
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and the width is only a low millimeters. Tin* center of the cell is 05 mm. from 
tin* axis oi lotation. I he (*(‘11 is provided with plane-parallel quart?! windows 
which make it possible to direct light rays through the revolving solution in a 
direction parallel to flu* axis ot rotation. Light passing through openings in a 
counterbalance or dummy cell at radial levels above or below the solution column 
is unaffected by the sedimentation and furnishes a convenient reference. Lower 
speed electrically driven centrifuges with smaller cells are used for making meas¬ 
urements of sedimentation equilibrium (1). 

A simplified method of spinning rotors at high speed in a vacuum chamber by 
means of compressed air has been described by Pickels and Hearns ((>). Hiscoe, 
Pickets, and WyckofT (8) and also Hauer and Pickets (9) have incorporated this 
principle in the design of air-driven ultracentrifuges with rotor dimensions pat¬ 
terned after those of Svedberg. Alternative methods of spinning large* rotors by 
compressed air at high speed have been described by Beams and Pickets (7) and 
by Pickets (10). Mon* recently an electrical driving mechanism has been devel¬ 
oped by Hearns and Skarstrom (11). 

V. OPTICAL METHODS 

All the earlier sedimentation studies conducted by Svedberg and his collabora¬ 
tors were bast'd on the light-absorption method first described by Svedberg and 
Rinde (3). Light of some suitable wave length which is absorbed by the sedi¬ 
menting solute, but not appreciably by the solvent, is directed through the cell. 
Ultraviolet light from a mercury arc is usually employed for protein solutions. 
With visible* light passing through a hemoglobin solution within tI k* revolving 
cell, for example, the unaided eye sees a bright red annular band extending about 
the axis of rotation. The meniscus of the fluid appears as a fine line with the 
same center of curvature. The sedimenting boundary demarcating the clear 
supernatant and the solution is also concentric about the axis. To obtain a 
record of the sedimentation, it is only necessary to photograph at intervals a nar¬ 
row cross-sectional strip of the total annular band of light. A camera of long 
focal length is used in order to avoid errors of parallax and to give good focusing 
for all depths in the cell. A typical sedimentation of a large' homogeneous pro¬ 
tein is illustrated by the series of photographs in figure 1. An absorption photo¬ 
graph showing two sedimenting components is shown in figure 2. 1 hose 

illustrat ions are discussed in more detail later in this paper. 

Other optical methods which have to a great extent superseded the absorption 
method are based on the detection or measurement of deviations suffered by light 
rays passing through regions of refractive-index gradient such as exist at sedi¬ 
menting boundaries. The method which can probably be* made subject to the 
fewest optical errors is the refractive-scale method of Lamm (20). 

Increasing attention, however, is being given to the consideiably moie (on- 
venient cylindrical-lens methods, the origin of which can be traced to the work 
of Thovert (19). Improvements and adaptations for the measurement of mi¬ 
grating boundaries have been described by Philpot, Svcnsson, and Andersson 
(21-23). Experience in our laboratory with a modification of Svcnsson\s method 
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has indicated that even with comparatively inexpensive 1 optical parts a precision 
of measurement can he attained which is quite sufficient in view of the many 
minor uncertainties involved in the ultracentrifugal method. Special tests 
have 1 shown that deviations of light produced at any level of the cell, at least de¬ 
viations up to 0.02 radian, can he registered at the photographic plate' with an 
error of less than 1 per cent, and that for all deviations in this range the image* 
positions of every level in the cell can he produced with an accuracy of less than 
1 per cent of the total cell height. 

A schematic representation of the optical principles involved is given in the 1 
perspective, drawing of figure 1 3. A camera lens is placed so as to form on a 
screen the images A', B', (■' of the three small hole's A, B, and C in a thin dia¬ 
phragm. A condensing le'ns is placed se) as to focus the' image of a horizontal 

t 

575 MM. TO AXIS MENISCUS 



Fin. 1 Kkj, 2 

Kkj. 1 . Sedimentation of monodisperse liemoeyanin in the serum of Lintulw s* polyp he mux, 
iis shown by the' absorption method. Speed, 18,(KKJ k.p.m.; interval between photographs, 
15 min.; illumination, 3650 A. line of mercury; cell thickness, 3 nun.; approximate 1 concen- 
tration, 1.45 per pent. 

Km. 2. Sedimentation photographs illustrating correlation between absorption method 
and refractive-index method. Material, polydisperse hemoeyanin in diluted, dialyzed 
scrum of Lunulw s polyphcmvs; speed, 16,200 k.p.m.; time, 2.26 hr. after full speed; cell thick¬ 
ness, l cm.; total protein concentration, 0.41 percent. 

line source cm the front surface 1 of the camera lens. Limit consideration to those 
light rays which pass through the small holes. It can be seen that the light 
eventually constituting each of the images A', B', (V consists of rays which alter¬ 
nately diverge and converge in accordance with simple optical principles. Each 
set e>f rays may be thought of as making up a “light sheet” that varies in width 
but is always parallel to the horizontal line source. If the light sheet diverging 
from A toward the camera lens wen* deviated downward from the normal course 
at A, as indicated by the dotted lines, it would nevertheless converge at A' by 
reason of the fact that the camera lens is focused to produce such a result. An 
analogy holds for all ot her images. Suppose that a cylindrical lens with vertical 
axis is added to the 1 system !n such a position that a point light source at the front 
surface of the camera lens would be focused as a vertical line image at the screen. 
The effect of this lens on each of the original light sheets will be to converge it 
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prematurely, so that it again diverges and forms a horizontal line image AjAaAs 
on the screen instead of a point image. The vertical positions of the images are 
not altered by the cylindrical lens. A downward deviation (dotted lines) of the 
sheet at A would not alter the position of the line image. Suppose that over the 
front surface of the camera lens is placed a mask provided with a narrow inclined 
slit. It can be seen that of the undeviated rays through A, only the central one 
is now able to pass through the camera lens and reach the screen, where it will 
appear as a point of light A 2 , as contrasted to the previous horizontal line image 
A 1 A 2 A 3 . Since the und'wiated light sheets through A, B, and C all converge 



Fig. 3. Perspective schematic drawing illustrating the working principle of a refractive- 
index method employing a cylindrical lens. 

in a common image of the light source at the mask, it follows that B and C will 
also be represented at the screen, when there is no deviation at the diaphragm, by 
light points B 2 and C 2 , which are situated along a central vertical line passing 
through A 2 . However, if the light sheet from A, for example, is deviated down¬ 
ward sufficiently from its normal course, then only the ray at one edge of the light 
sheet will pass through the camera lens, and the light point corresponding to A 
will appear on the screen at A 3 . The horizontal distance by which any light 
point will be displaced from the central line C 2 A 2 is directly proportional to the 
downward displacement suffered by the corresponding light , c heet at the dia¬ 
phragm. The same holds true for light coming from B or from C, and thus the 
system is capable of translating a vertical deviation of light into a horizontal 
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displacement of a light point on the screen without altering the point’s vertical 
height which is characteristic of a certain level in the cell. 

Consideration will show that the action of the system is not altered by substi¬ 
tuting narrow horizontal slits for the holes A, B, and C. For any given deviation 
of a light sheet, more rays will pass through the camera lens, but since they do 
pass through at the same point the cylindrical lens converges them into a point 
focus again at the screen. Now suppose that a cell containing an immobilized 
sedimentation boundary is substituted for the diaphragm in such a way that the 
maximum refractive-index gradient, i.e., the center of the boundary, is in the 
position B. The corresponding point B' will be the one suffering the maximum 
horizontal displacement from the center line on the screen. Light coming 
through the cell below and above the boundary, as at A, is not deviated and the 
corresponding light points fall on the center line. Displacements of light points 
corresponding to successive positions within the boundary are proportional to 
the respective refractive-index gradients, with the result that the light points 
form a smooth continuous curve on the screen. The peak of the curve, if sym¬ 
metrical, determines the position of the boundary; the area between the center 
line and the curve is proportional to the concentration of the material forming 
the boundary, assuming it is the only source of refractive gradients. With the 
ultracentrifuge there are extraneous gradients due to hydrostatic compression 
and distortion of the cell, and a curve incorporating these alone and called the 
base line must be obtained. If heavy salt ions are present in sufficient strength 
in the medium, they too produce gradients which must be taken into account by 
making separate ultracentrifugation runs with the medium alone (1). In apply¬ 
ing the method to the centrifuge it is important to limit the light passing through 
the revolving cell to a zone having a width of not more than a few millimeters in 
a tangential direction. 

In our laboratory the substitution of an opaque strip for the inclined open slit 
has produced certain advantages which will be described in a later paper. In 
place of a line of light as described above, a dark band against a bright back¬ 
ground indicates deviations of light at various depths in the cell. Measurements 
are taken from either or preferably from both edges of this band. 

The photographs of figure 4 illustrate an application of the refractive-index 
method employing a cylindrical lens. These were obtained during the same run 
as were those of figure 1. Figure 2 is an example of the simultaneous sedimenta¬ 
tion of two protein components and shows the correlation existing between 
photographs taken of the same material at the same time by the refractive-index 
and the absorption methods. 

For most cases the refractive-index method is preferable to the absorption 
method, particularly in the study of mixtures and where it is desired to determine 
the absolute or relative concentrations of several components. There is a con¬ 
siderably greater proportional variation in the absorption coefficients of proteins 
in the ultraviolet region, for example, than there is in their specific refractive 
indices in the visible region. As a matter of fact, good approximations of the 
concentrations of protein components of unknown optical properties can nearly 
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always bo made 1 with the refractive-index method. It is also an advantage to bo 
able to observe the sedimentation on the screen with visible light during sedimen¬ 
tation. Furthermore, it is more expensive and less convenient to work with 
ultraviolet light, which requires quartz optical parts. 

A good refractive-index system is subject to fewer and less serious errors than 
is an absorption system. The pictures shown in figure 1 represent an unusually 
sharp boundary of a fairly concentrated, slowly diffusing mat ‘rial. Measure¬ 
ments can be made directly from the photographs. In actual practice, however, 
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Flo. -I. Pictures taken during Hie experiment illustrated in hguie I • l " d f' 
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In some rases, however, flu* absorption method is to he preferred. For ex¬ 
ample, Piekels and Hauer (14) found that the virus of yellow fever in infected 
monkey serum showed a high differential absorption in the upper ultraviolet 
region, and they were able to study, by absorption, sedimentation boundaries 
which could not lx* detected with the refractive-index system. Since the pre¬ 
cision of the refractive method depends on the magnitude of the concentration 
gradients present rather than on tin* concentration itself, the absorption method 
is sometimes more applicable with unusually ill defined boundaries or with very 
inhomogeneous preparations. 

VI. EXP E HIM E NT AI. CONSIDERATIONS 

As Svedberg (13) has indicated, it is necessary that the sedimenting material 
be not disturbed by convection currents in the solution. In our work it has been 
found very important to have the cell aligned correctly within the rotor to pre¬ 
vent sedimentation of particles against the side walls. When even slight depar¬ 
ture's are* made* from this rule, photographs are obtained with a monodisperse 
substance 1 which falsely give* the impression of varying amounts of inhomogeneous 
material sedimenting be*low the main boundary. 

The* principal potential source's of convection currents are* temperature* gradi¬ 
ents which must e*xist within the* cell to insure the passage* of heat from the* sec¬ 
tions of the rotor e*xposc*el to the gre*ate*st. proportion of frictional resistance* to 
those exposed to smalle*r amounts. The e*onvee*tion action is enormously magni¬ 
fied by high ce*ntrifugal force and can interfen* seriously with the sedime*ntatiem 
of slowly moving particle's. The gradients are quite small in most moele*rn ultra- 
centrifuges, having bee*n estimate*d at about 5 X 10 1 °( 1 . pe*r ce'ntime*te , r for a 
rotor of the vacuum-type ultmcentrifuge ope*rating at 60,000 k.p.m. in rarifieel air 
at a pre'ssure* of 5 X 10~ 7 atm. However, gradie*nts should not be discounteel 
whe*n the* rote>r is spinning under le*ss favorable circumstances, for instance, in 
hydrogen gas at a pressure* of 0.025 atm. Theoretically a density gradient due* 
to temperature* difference's would then be of such a magnit ude* that a concentra¬ 
tion graelie*nt of piotein amounting to J0“ a per cent pe*r ce*ntime*ter would be re- 
cpiire*el to neutralize it. Whereve*r e*e)nce*ntration gradients are* very small, which 
is the case* above anel be*low boundaries of monodisperse proteins, for e*xample*, 
convection can take place, and it should be expected that the* behavior of a diffuse 
bemndary e)f a mate*rial in an unusually low concentration might easily be 
influenced. 

It is a common impression that the radial density gradient introduce*el into a 
liquid by the* application of ce*ntrifugal force is a marked stabilizing influe*nce 
against convective* disturbance's. In a filled ultracentrifuge ce*ll revolving at 
57,600 r.p.m., for e*xample, the outer layer of liquid is actually at least 1 per cent 
more dense than the inner layer. The magnitude of the concentration gradient 
is readily visualized by reference to the illustrations in figure 5. Only a small 
proportion of the refractive-index gradient is elue to distortions of the cell. The 
maximum temperature gradient through the cell, fe>r instance, could ne*ver cause 
a density gradient of the order cited, and it might at first thought seem that the 
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compressed fluid would tend to remain in the lower part of the cell and thus pre¬ 
vent any stirring which might otherwise be caused through the action of weak 
opposing gradients due to thermal influences. The fallacy of this viewpoint can 
be realized by considering the energy changes in the system when it is disturbed 
while free from temperature gradients. If the state of the system is the most 
stable one, i.e., the one of lowest potential energy, then any interchange of fluid 
at different heights by some outside mechanism should increase the potential 
energy of the system with respect to the axis of rotation. Actually, if the top 
and bottom layers of fluid are interchanged, their respective densities reverse 
immediately in accordance with their new locations and the potential energy of 
the system is just the same as before. The result would be quite different if a 
cold (dense) layer of water at the bottom of a cell were exchanged with a warm 
(less dense) top layer. In this case the density of neither layer would be affected 
immediately by the transition, the potential energy would be increased, and the 
system would try to seek its original condition. The fundamental difference is 
that while the compressional density is a direct function of the depth below the 
fluid surface, the thermal density is not. Therefore, no account has to be taken 
of the compressional effects in considering the disturbances caused by tempera¬ 
ture gradients in the ultracentrifuge. 

It is, of course, important to know accurately the temperature of the solution 
while it is revolving in the ultracentrifuge in order to compare its viscosity with 
that of the standard medium. Adequate methods for making such measure¬ 
ments are in use with both the oil-driven (1) and the air-driven (9) machines. 
Runs are usually made at temperatures within a few degrees Centigrade of room 
temperature. For the investigation of proteins which exhibit excessive insta¬ 
bility under such conditions, Rothen has surrounded his air-driven ultracentrifuge 
rotor with stationary refrigerated metal surfaces which permit him to maintain 
the material under study near 0°C. (16). Hydrogen at a reduced pressure of 
about 0.1 mm. of mercury furnishes the thermal conduction. For reasons of 
stability, as well as to avoid convective disturbances, it is often advisable to per¬ 
form long diffusion experiments at about +4°C. In view of the theoretical im¬ 
portance of making sedimentation and diffusion measurements at the same tem¬ 
perature, Rothen’s arrangement promises to widen the scope of studies suited to 
the Svedberg equation. 

In the earlier experiments of Svedberg (4), determinations of the diffusion con¬ 
stant were attempted upon the material under study while it was sedimenting in 
the ultracentrifuge. An argument in favor of the procedure was that the envi¬ 
ronmental conditions were identical for both sedimentation and diffusion meas¬ 
urements. In later years it was found that the diffusion values obtained in this 
manner were not very reliable. The probable reason for the discrepancy be¬ 
tween diffusion measurements made in the centrifuge and in a diffusion apparatus 
can be understood when one considers that a small inhomogeneity in the sedimen¬ 
tation rate of a group of particles can produce a comparatively large effect as far 
as the sharpness of a sedimentation boundary is concerned. For example, small 
am o un ts of aggregated or denatured material settling at slightly faster rates than 
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the primary particles could produce such an effect. Small amounts of convec¬ 
tion below or above the boundary could definitely change its form and apparent 
diffusion rate without appreciably altering the sedimentation rate. The poten¬ 
tialities of this mechanism must be considered when low concentrations of mate¬ 
rial are used. It will be recalled in this connection that the Svedberg equations 
apply strictly only for very dilute solutions in which no interaction between 
particles can be assumed. It has been the practice of Svedberg and his associates 
to make determinations of the sedimentation rate on a series of progressively 
lower concentrations of the solute under investigation. The results are extrapo¬ 
lated to zero concentration, and the respective sedimentation rate obtained is 
assigned as the true sedimentation constant of the material. Often there have 
been unexpectedly large differences between the rates for different dilutions (1). 
Most of the variations have been explained on the basis of a dissociation phe¬ 
nomenon. It is quite possible, however, that some of the discrepancies at very 
low dilutions were caused at least partly by convection. 

Even with a convection-free, monodisperse system there is still another factor 
which affects the sharpness and apparent diffusion rate of a sedimenting bound¬ 
ary. Its influence increases with the concentration. There is through the 
boundary a relatively rapid shift in the solute concentration, so that the sedi¬ 
menting particles at the trailing edge of the boundary are in a very dilute con¬ 
centration compared to those on the leading edge. The more widely separated 
particles tend to sediment slightly faster, since the effective viscosity of the me¬ 
dium increases to some extent with increasing concentration of the sedimenting 
component, possibly because some interaction phenomenon exists between 
crowded particles, or perhaps because the effective buoyancy force is a function 
of concentration, or possibly because the backward streaming of the displaced 
medium becomes an important factor at higher concentrations. In any event, 
the boundary tends to resharpen itself continually in opposition to the tendency of 
the solute to diffuse. The effect is well illustrated by the photographs of figures 
1 and 4. They show boundaries which with time spread only a small proportion 
of the amount to be expected from measured values of the diffusion constant. 
The contrast with the appearance of the more dilute boundaries in figure 2 is at 
once evident. 

In our laboratory, tests are being made of a method by which it is hoped that 
reliable diffusion measurements can be made in the ultracentrifuge under certain 
conditions. It would offer great advantages in the study of mixtures the indi¬ 
vidual components of which cannot conveniently be isolated in pure form for 
diffusion measurements. With the vacuum-type ultracentrifuge it has been 
found possible to decelerate the rotor to very low speeds without disturbing 
boundaries partially sedimented rapidly at high speed. The boundaries are 
then allowed to diffuse, and diffusion constants are determined from measure¬ 
ments taken at the low speed. With insignificant centrifugal force, the migra¬ 
tion of the boundary becomes negligible and the principal objections to the deter¬ 
mination of diffusion constants in the ultracentrifuge cell are avoided. Minor 
corrections for the sectoral shape of the cell can be applied. 
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VII. CONCLUSION 

The development of the ultracentrifugal method by Svedberg and his collab¬ 
orators and their application of the technique to the investigation of molecular 
weights have become accepted as outstanding scientific achievements. The 
theoretical validity of the method is well established, and the principal sources 
of error in the earlier experimental procedures appear to have been realized and 
corrected. The field of research has become even more promising with time, and 
at present the scope of application is still being widened by further refinements 
and by the introduction of new related techniques. 
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It is the object of the present contribution to the Symposium to review the 
method of diffusion as a tool for investigating the properties of proteins in solu¬ 
tion. While the diffusion process has been known to the physical chemist for 
a long time, its importance for biochemical research was recognized only more 
recently. Modern developments in the field of protein chemistry, in particular, 
have contributed to a revival of the interest in diffusion measurements which, 
together with sedimentation and electrophoretic measurements, constitute the 
most revealing methods for determining the state of dispersion of protein solu¬ 
tions. It is the aim of the present review to demonstrate the usefulness of diffu¬ 
sion measurements for a study of proteins, and to consider the theoretical and 
practical limitations of the methods available at present. 

I. Theory 

It would take us too far afield to discuss here in detail the theory of diffusion. 
Reference may be made to the earlier publications on this subject, excellently 
reviewed by Williams and Cady in this journal (56), and to the more recent 
kinetic treatment of the diffusion problem by Eyring and coworkers (6, 11). 
In the following, we shall merely review briefly the elementary principles of the 
diffusion process as it is most frequently met in actual experimentation. 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry at the 102nd Meeting of the American Chemical 
Society, Atlantic City, New Jersey, September 8-12, 1941. 
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We consider a system in which a solution of concentration Co is in contact with 
its solvent, as shown in the top section of figure 1. The boundary between 
solution and solvent is at the point x = 0, and positive values are assigned to x 
in the direction of increasing concentration. It will be assumed that no external 
force other than that of osmotic pressure is acting on the solute molecules and 
that the solute concentration is in the “ideal solution” range. Diffusion is 



+ X - X 



Fia. 1. Relation between concentration and distance of migration in a diffusion column. 
Top section: graphical illustration of the diffusion column. Center section: relation be¬ 
tween concentration and distance of migration. Bottom section: relation between con¬ 
centration gradient and distance of migration. The curves as drawn refer to diffusion 
times of 0.5, 1, and 4.5 hr., respectively. The whole diagram should be rotated counter¬ 
clockwise about an angle of 90° in order to conform with the proper space directions. 


confined to the vertical direction, while the force of gravity maintains the con¬ 
centration constant within the horizontal plane. Under these conditions, the 
rate of diffusion is, according to Fick, 


d s 
d t 



(i) 


where d$ is the quantity of solute which in the time dJ diffuses across a boundary 
of cross-sectional area A, under the influence of a concentration gradient dc/da:. 
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D is the diffusion constant, characteristic of the physical properties of the solute 
molecules in question. Its dimensions are square centimeters per second. 
Expressing mass in terms of concentrations, equation 1 may be reduced to the 
differential form 


dc 

c n 



( 2 ) 


The solution of this equation depends on the conditions imposed by the ex¬ 
perimental methods applied for determining the diffusion rate. 

For the conditions as stated above, the solution of equation 2 must fulfill the 
following boundary conditions: for t = 0, 

= 0, for x < 0 

c(x, 0) 

= c 0 , for x > 0 


where c 0 is the initial solute concentration. Assuming that during the diffusion 
process no concentration changes occur at the extreme ends of the cell, integra¬ 
tion of equation 2 leads to the following relation between c, x, and t : 


c x — 




(3) 


where 

2 _ X 

y iDT 


Diffusion constants, D, can be calculated from either the c-t relation at constant 
x , or from the c-x relation at constant t. Both methods are used in actual 
experimentation. 

The relation between c and x , for various constant values of /, is shown in the 
center section of figure 1. It will be noted that at the position of the original 
boundary between r olution and solvent, x = 0, c x is equal to c 0 /2 during the entire 
experiment and that the curves flatten out as t increases. The light-absorption 
method, discussed below, furnishes a relation of this type. If the differential, 
dc/dx, of the curves shown in the center section of figure 1 is plotted against x , 
a family of curves is obtained as shown in the bottom section of figure 1. In the 
ideal case, these curves have the shapes of Gaussian distribution curves and are 
identical with one another with respect to their areas. Curves of this type are 
obtained with the refractometric diffusion method. They follow the equation 


dc 

dx 


c 


X* 

ADt 


2-\/ irDt 


(4) 


II. Experimental Methods 

While a large number of methods have been designed from time to time to 
measure the diffusion rates in solution, we shall confine this discussion to those 
methods which have found general application to proteins. 
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A. THE POROUS-DISK METHOD 

The first method to be described is based on the diffusion across a porous 
diaphragm which separates solution from solvent. It was introduced by North¬ 
rop and Anson (36) and by McBain and Liu (22). The diffusion cell consists 
of a bell-shaped Pyrex-glass vessel, closed at the narrow top end by a stopcock 
and at the wide bottom end by a sealed-in sintered-glass disk, as shown in figure 2. 
The cell is filled with the solution the diffusion rate of which is to be measured, 
and is immersed in a vertical position in the solvent, just touching its surface. 
The whole apparatus is mounted in a constant-temperature bath. After pre¬ 
liminary manipulations, necessary for establishing a diffusion gradient within 
the pores of the diaphragm, diffusion is allowed to proceed from the solution into 
the solvent, density differences and slight convection currents tending to keep 
the concentration uniform within each compartment. That is to say, diffusion 


X 


Fig. 2 Fig. 3 

Fig. 2 . Diagram of the porous-disk diffusion cell (according to McBain and Liu (22)). 
x denotes the mean position of the boundary, c 0 the initial solute concentration. 

Fig. 3. Cylindrical diffusion cell, according to Svedberg (48) and Tiselius and Gross (53) 




takes place only within the sintered-glass disk of thickness #, the concentration 
gradient dc/da; being constant within the pores, provided the diffusion rate is 
independent of solute concentration. Concentrations are determined after 
varying time intervals in aliquots of solution and solvent, and diffusion constants 
are calculated from the respective concentration changes by means of the equa¬ 
tion 


Di = 


1 V"V' 
kt V" + V 



[ c °'“ ( x + y*) c '_ 


(5) 


where k is a constant, equal to the mean effective surface area of the disk, t 
the time of diffusion, c” the initial concentration of the solution, d the concen¬ 
tration of the diffusate, and V" and V 1 the volumes of the solution and diffusate, 
respectively (23). D\ is the integral diffusion constant representing a mean 
value over a range of varying concentrations. It is identical with the true 



DIFFUSION MEASUREMENTS ON PROTEINS 


361 


diffusion constant D if the diffusion rate is independent of concentration. Other¬ 
wise, it can be related to it (23) by means of the equation 

D = Dl + ° d dc (6) 

The constant k is determined by calibration with a solution of known diffusion 
constant, such as potassium chloride or sodium chloride. A thorough discussion 
of the method may be found in the papers by Mehl and Schmidt (23), Anson 
and Northrop (2), and McBain and Liu (22). The virtues of the porous-disk 
method are twofold. In the first place, it is simple experimentally and readily 
available. In the second place, it facilitates the determination of the diffusion 
constants of biologically active proteins, such as enzymes and viruses, in dilu¬ 
tions in which the concentration can hardly be measured by chemical methods 
but can be readily determined on the basis of biological activity. By com¬ 
paring the rate of diffusion of the activity with that of a protein of known diffu¬ 
sion constant, the size of the smallest, biologically active, molecular kinetic 
unit can be estimated (10). The shortcomings of the method lie in the fact 
that it furnishes only a mean value for the diffusion constants if the solutions 
are polydisperse, and that only with the utmost care can satisfactory reproduci¬ 
bility of the results be obtained. The rather wide limits in experimental error 
that can be found in some of the published data (46) clearly emphasize this 
point. The initial decrease in diffusion rate observed by several investigators 
may represent a source of uncertainty worthy of further investigation. The 
method has been applied by Northrop and Anson (36) to hemoglobin, by 
Northrop to pepsin (35), by Scherp to trypsin 2 (45), by Kunitz and Northrop 
to chymotrypsinogen and chymotrypsin (14), by McBain, Dawson, and Barker 
to egg albumin (21), by Zeile (57) and by Stern (46) to catalase, and more 
recently by Hand to hemoglobin and catalase (10). A comparison of some of 
these results with those obtained by measurements of the absolute diffusion rate 
will be given in section III of this review. 

B. THE LIGHT-ABSORPTION METHOD 

The principle of this method is essentially the same as that employed in the 
earlier ultracentrifugal studies, and has been reviewed in detail by Svedberg 
and Pedersen (49). The method permits measurements of absolute diffusion 
rates and is based on the differences existing in the absorption spectra of solute 
and solvent. It may be described briefly as follows (53): 

A transparent diffusion cell in which a sharp boundary between solution and 
solvent has been established is placed in a constant-temperature bath, between 
a light source and a photographic camera. Monochromatic light of such a wave 
length is used as will be absorbed by the solute but not by the solvent. With 
proteins containing no chromophoric groups, the absorption maximum lies in 

2 Scherp’s value for the diffusion constant of trypsin is lower than that found for hemo¬ 
globin. As, however, the molecular weight of trypsin appears to be lower than that of 
hemoglobin, Scherp’s data are probably erroneous. 
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the ultraviolet region of about 270 mju wave length. With others, such as 
hemoglobin or cytochrome, the absorption maximum is in the visible range of 
the spectrum. The cell is photographed at the beginning of the diffusion experi¬ 
ment and at certain time intervals thereafter, care being taken to keep the light 
intensity and exposure time constant. Under such conditions, the concentration 
distribution in the cell is imaged on the plate by a corresponding distribution of 
light intensity. The relation between concentration and degree of blackening 
of the photographic plate is obtained by filling the cell with known dilutions of 
the solution and taking exposures with the same light intensity and exposure 
time as were applied in the diffusion run proper. The reference plate and 
experimental plate are then measured with a microphotometer, yielding a rela¬ 
tion between c and x of the type pictured in the center section of figure 1. 

The diffusion cell, as designed by Svedberg (48) and by Tiselius and Gross 
(53), is pictured in figure 3. It consists of a U-shaped glass tube, with the two 
limbs separated from each other by a three-way stopcock. The left limb is 
partly filled with the solution and the right limb with the solvent; a sharp 
boundary is formed by opening the stopcock after temperature equilibration in 
the constant-temperature bath. The boundary is then moved up in the solution 
compartment by means of a proper compensating arrangement until it reaches 
the center of the photographic field. The beginning of the diffusion process is 
made to coincide with the time of formation of the boundary. 

Diffusion constants are calculated from the microphotometer registration 
curves by means of the equation 


1 x\ — x\ 
fy 2 U - 1 1 


(7) 


where X\ and x 2 are distances from the boundary at the times t\ and U } respec¬ 
tively. The most convenient method of calculation consists in determining 
from two successive curves (h and U) the values of x which correspond to a given 
value of c, such as c/4 or 3c/4. In that case, 1/4 y 2 is a constant. The method 
has been used by Tiselius and Gross (53) with protein concentrations as low as 0.2 
per cent. The light-absorption method has given way in recent years to the 
light-refraction method, which with both sedimentation and diffusion measure¬ 
ments permits a considerably higher degree of accuracy. 


C. OTHER METHODS 

Before considering in detail the refractometric-scale method, mention will be 
made at this place of a diffusion method which, however, is more of theoretical 
significance than of practical value. It is due to Svedberg (48) and is based on 
the measurement of the degree of boundary blurring occurring during sedimenta¬ 
tion in the ultracentrifuge. In sedimentation, the centrifugal force acting on 
the solute molecules is opposed by their diffusion. While, with such high centrif¬ 
ugal fields as are employed in sedimentation-velocity measurements, the rate 
of diffusion is small in comparison with that of sedimentation, nevertheless it 
becomes perceptible by a blurring of the originally sharp, sedimenting boundary. 



DIFFUSION MEASUREMENTS ON PROTEINS 


363 


The calculation of the diffusion constant is based on a comparison of the experi¬ 
mental sedimentation curves with those to be expected if no diffusion were to 
occur. Basic to this method is the assumption that the solutions under in¬ 
vestigation are strictly monodisperse. The method is, however, rather in¬ 
accurate, owing to the fact that (1 ) the extent of diffusion taking place during a 
sedimentation run is actually very small, (#) the temperature in the ultra¬ 
centrifuge is rarely sufficiently constant, and (3) any small inhomogeneity of the 
solution will have a significant influence on the apparent diffusion constant 
calculated from the sedimentation diagrams. 

The method as applied to both the light-absorption and the light-refraction 
systems has been described in detail in Svedberg and Pedersen’s monograph (49). 

Bourdillon (3) recently designed a simple, yet rather crude, method for 
estimating the diffusion constant of viruses. 

D. THE REFRACTOMETRIC-SCALE METHOD 

This method is based on Stefan’s (16, loc. cit.) phenomenon of the curvature 
of light when passing through a medium of varying refractive index. The 
method was introduced by Wiener (55) and Thoevert (51, 52) and further 
developed by Lamm (15, 16). The basic principle is illustrated in figure 4 



Fig. 4. Light path in the refractometric-scaie method (not drawn to scale), according 
to Lamm (15, 16). O-O' is the optic axis, x the direction of increasing refractive-index 
gradient, S the plane of the transparent scale, Ci and C t the planes enclosing the diffusion 
cell, L\ and L 2 the principal planes of the camera lens, and P the plane of the photographic 
plate. W\ and W 2 are the exit angles of the deviated and undeviated light pencils. For 
further explanations see text 

which, for purposes of demonstration, has not been drawn to scale. O-O' is 
the optic axis, S the plane of a transparent scale, and C\ and O 2 the vertical planes 
enclosing the diffusion cell; L\ and L 2 are the principal planes of a photographic 
lens, and P is the plane of a photographic plate. We shall first assume that the 
medium contained in the diffusion cell has a constant index of refraction. In 
this case, light emerging from the point x 9 on the scale will be deflected linearly 
between the planes Ci and C 2 and will be imaged on the plate at xi. If, however, 
there is a refractive-index gradient in the medium, increasing in extent in the 
downward direction, light emerging from x $ will be deflected in a curved fashion 
and will be imaged at x 2 . The scale-line displacement, x\ — is proportional 
to the differences between the exit angles of the undeviated and deviated light 
pencils (W 2 and W\), which in turn is proportional to the refractive-index 
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gradient, dw/dx, existing in a horizontal plane at a depth conjugate to about the 
position of the point 22 : 8 


a* - z 2 = Z = Gl(W* - Wi) - Gab — (8) 

ax 

Here G is the photographic magnification factor, l the optical distance P — 
a the optical distance C\ — C 2 , and b the optical distance from the scale to the 
center of the cell 4 . By determining the scale-line displacement for every point 
on the scale, the refractive-index gradient distribution can be determined over 
the whole depth of the cell. This method yields, therefore, a relation between 
the refractive-index gradient and the distance from the boundary. Since, 
however, in general, the index of refraction of a protein solution is a linear 
function of its concentration, of the type 


rii — n 0 = kc (9) 

where n 2 and n 0 are the refractive indices of solution and solvent, respectively, 
one virtually obtains a relation between concentration gradient, dc/dx, and x 
as shown in the bottom part of figure 1. 

The diffusion assembly consists of a transparent diffusion cell placed in a 
constant-temperature bath, a transparent scale placed behind it, and a photo¬ 
graphic camera placed in front of it, the camera lens being focussed on the scale. 
The scale is illuminated uniformly from behind by a suitable light source. The 
image of the undistorted scale lines is obtained by photographing the scale when 
the cell is filled with a medium of constant refractive index, usually the solvent 
(reference scale). The image of the displaced scale lines is obtained by taking 
exposures of the diffusion column at suitable time intervals after the beginning 
of the diffusion process (experimental scale). The scale-line distances are 
then measured on the plate in a microcomparator for both the reference scale 
and the experimental scale, and the differences in reading (equal to the scale¬ 
line displacements Z) are plotted as ordinates against the corresponding readings 
on the experimental scale as abscissae (equal to the positions of the displaced 
lines, z). 

The experimental details of the method have been described in full by Lamm 
(16) and summarized in brief by Poison (42), Saum (44), and Neurath and 
Saum (33). In view of the general importance of Lamm's method and the 
present difficulties of obtaining access to some of the European journals, it may 
be appropriate to review here certain experimental details of a description of the 
apparatus which was built by the author several years ago and reconstructed 
since. 

8 It is actually conjugate to the position of the point x 2 after the latter has been corrected 
for F (see equation 21). 

4 The optical distance is equal to the geometric distance divided by the refractive indices 
of the media traversed by the light. 
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/. Apparatus 

An illustration of the* diffusion assembly is give*n in figure* 5. It is mounted 
on two horizontal I brains, bo!te*el togedher in parallel position and resting on 
throe* e*e>nere*te* blocks. The* light soum* (enclosed by a metal housing), light 
filters, and a simple condensing lens are mounted on an optic bench behind the 
constant-temperature bath. The light source is a Westinghouse high-intensity 
mercury lamp, II 3 , 85 watts. Monochromatic light of 5Iff mg wave length is 
obtained by a combination of (Wiling glass filters No. 551 and No. 512 and a 
WTaften filter No. 74. 



Fits. 5. Diffusion sscmbly for the rofnic.lometri(‘-scale medliod, as use*el in fin* author's 
laboratory (for description see text). 

A close-up view of the constant-temperature bath is shown in figure* ff. The 
tank, 14 in. long in tin* direction of the optic axis, Iff in. wide*, and IS in. high, 
is made of brass and insulated by }-in. (Vlede*x boards. Two circular glass 
windenvs, 4^ in. in diameter ami \ in. thick, and e>ptie*ally flat te> wit hin 0.5 wave* 
le*ngth, are* mounted e>n the walls perpendicular to (lie* eiptie* axis while* a thirel, 
smalle*r winelenv is mouut<*d e>n the* wall fae*ing the* observe»r. This latter window 
serve's meredy for the* obseivation e»f the* ce*ll during an e*xpe*rime*nt. The* tiink 
is cushione*el against mechanical vibrations by se*veral alternate* Iaye*rs of sponge 
rubber anel (Vlote*x and is isolated from the optical assembly, since! the I beams 
e>f the latter pass through a channel in the* supporting e*eme*r 4e block withemt 
any direct eemtact with the tank. 

A e*re)ss-pie*ce, running paralle*! to the* optic axis and mounted em the to]) e*elge* 
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of the lank, holds the scale* and the diffusion cell; (he latter is attached to a 
movable rider which provides for variations in the coll scale distance. This 
distance' is measured on a graduated metal scale mounted on the cross-piece. 

The* transparent scale' is rule'd on glass and prote*cte*el by a e*e>ve*r glass, bedel 
in place' by transparent Lucite* cement. It is 5 e*m. in length anel graduates! 
in 0.02-cm. divisions’. 

A l/lbth h. i\, ve*rtie*al-shaft motor stirrer is me)unte*d separately on a floor 
flange'. Splashing is avoide'd by a hollow me'tal e*vlinden surrounding the* shaft 
anel suspenele'd ve'rtically from the te)p enver of the' tank. The' cvlinde»r is 3 in. 



Fro. (i. ('lose-iip vie*w of constant-temperature hath of the diffusion assembly. The* oh 
jects to ho soon inside the tank arc*, from loft to right, the thormorogulator, tlie* stirrer with 
surrounding hollow cylinder, the* coll, the scale*, and the thc*rmnmc*tc*r (for further descrip¬ 
tion see text). 


in diarnc'tc'r and te*rminate*s about 3 in. above the* stirre*r blade's. A mercury 
therme>re*gulator with stainle*ss-ste*e*l henising, in e*onjune*tion with a thvratrem 
vacuum-tube* relay, ke*e*ps the temperature* cemstant. to within a few thousandths 
of 1°(\ 

The* camera lens, 1 1 in. in diameter, is a two-element pmjector lens of 21-in. 
focal length, oe>rre*ct(*d for spherical and ediromatic abe*rration. It is toenssed 
on tlie* se*alc with a magnification of 1.1:1. A simple compur shutter preividc's 
for adjustment of the* aperture (bctvvoe*n /:50 and /:!()()) anel e*xpe>sure time*. 
A slit in the* back enel of the camera and a meivable* plate-holder (carriage alle>w 
a series of eight exposures t,e) be taken on one plate. Kastman speetrejscopic 


6 Scales of this typo may he obtained from the* (iaertwr Scientific Corporation. 
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plate's (;v, sensitized for th<» green, proved to be best. suited for sharp contrast 
and high light sensitivity. With an aperture of/:85, the exposure time is about 
1 to 2 see. The optical distance's involved in the present, diffusion assembly are 
as follows: plate to camera lens, 110.0 cm.; lens to scale, 11H.P cm.; b, the optical 
distance between the center of the cell and the scale, is variable between the 
limits of H and 11 cm. 


The' cell 

In earlier studies the glass cell shown in figure' H was employed. Its main 
disadvantage' lie's in the' optical distortions produced by the' lens e*ffe*ct of the' 
cylindrical glass tube. 

Lamm (Hi) designed a stainless-steed e*e'll with plane-parallel windows, whie*h 
ediminate's nmst e>f the' shortcomings of the' Svedberg evil. A drawing of this 
cedi is shown in figure' 7. The' cell consists e>f a stainle*ss-ste'ed elisk with a re*ev- 
tangular, v(*nie-al slot in the* ce*nter. Twei e>ptie*ally flat, circular glass windows 
are pre'sse'd against the* face's e»f the* elisk by threaded medal rings. A diaphragm, 
sliding in the* horizontal sled and operated fre>m the* outside 1 bv a se*re*w arrange*- 
me'nt, seawe's to divide 1 the* vertical sled into twe> e , e)mpartme*nts. r ’ The circular 
e)pe*ning is fille*el with mercury through the* right-hnnel side* tube*, in emh'r fe> 
pivvemt le'akage'. r rhe* e*<*ll is tille'd with the* sedutiem fe) above the mieldle*, 
with the* eliaphragm partly re*e*e'sse'el. The* le)we*r half is the'll se'parate'd by ad- 
vancing the* eliaphragm; the* sedution mnaining above is rinse*d out with se>lve*nt.; 
ami the* top half e>f the* ce'll is fiIIe*e 1 with t.he* sedvemt. The* bemndary is them 
Ibrmed by slowly withdrawing the* eliaphragm. It is, of course, imperative 1 that 
afte*r e*aedi ste*p of the* above* pmcedure' the' e*e*II be' brought te> temperature* 
equilibrium in the* eonstanf (e'mpe'rature* bath in e>rele*r te) e'liminate* thermal 
e'emve'ctiem anel vedume* ediange's. 

Reremtly, the' author (27) has ele*se*ribed a diffusion e*edP whiedi is se>me*what 
similar te> that, previously intre>elue*e*el by Loughborough and Stamm (IP). 
This <*edl e)pe*rates on the* prinedple* eif the* Tisedius e*Ie*e*trophorcsis e*e*ll; howe*ve‘r, 
unlike* the* cemelitions with the* latteT, the* bemndary is formed direr! ly in tlm 
photographic fie'lel anel thus eleie's not liave* to be* me>ve*el by spe*eial rompensafing 
arrange*me*nts. r rhe* aelvantage* e>f this e*e‘ll over the* Lamm e*i*li lie*> in the* fae*t. 
that sedutiem and sedvemt surface's are* in duvet. eontnet as the* bemndary is 
formeul, thus ediminating the* elisplae*e*me'iit of the* uppe*r column e>f liejuiel oe*cur- 
ring in the* Lamm e*e*ll whe*n the* diaphragm is withdrawn. The* Iate*st mealed of 
the* e*e*ll, a derailed dnseription of which has already be*e*n publislie'el (27), is 
pictures! in figure 8. 

The e*edl eonsists of twe> T-shapesl stainless-steel blocks which e*an be* sliel 

6 With 1 he* cell use'll in the* author’s laboratory, the* stainl(‘ss-ste<'l diaphragm originally 
in use has be*e*n re*place*<l by one* made* of polystyrene*, in orde»r to avoid scratching of the* 
glass windows by the* hard ste*el e*elge*s. Lubrise*al has been found to be a very satistae-tory 
sealing material. 

7 'Idie cell was ele\signe*<l in e*oope*ration with Mr. IL S. Hush, Instruine*nl M ke*r of the* 
])e*partinent of (’hemistry of Cornell rniversity, from whom it can be obtained. 
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horizontally past each other by a screw arrangement. Two optically flat, 
rectangular glass windows are pressed against the vertical faces by the top and 
bottom (damps. The* lower compartment, when separated from the top one, is 
filled with the solution through the left-hand tube, while the upper compartment 
is filled with the solvent through the right-hand tube. After temperature 
equilibration, the* sharp boundary is formed by bringing the two compartments 
into vertical alignment. The dimensions of the cell proper are as follows: 
J .7 cm. in the 1 direction of the optic axis, 0.5 cm. wide, and 5 cm. high. 



Pic. 7. Schematic drawing of the Lamm diffusion cell (taken from reference 10) 
Fic. 8. Photograph of the Xeurath (27) diffusion cull (for description see text) 


Lamm (10) has described a rectangular glass cell with a sliding glass 
diaphragm; however, no details of construction have been given. 

Longsworth (18) and Rothen (13) have used the Tiselius electrophoresis ap¬ 
paratus for diffusion measurements. The diffusion curves were recorded 
by the sohlieren-scanning method and the* Philpot-Svensson (50) optical system, 
respectively. The results obtained in these studies will be referred to in section 
III of this review. 

The earliest measurements carried out with the aid of a cylindrical lens and 
an inclined slit an* those of Thoevert (52). It appears that they have not 
received the recognition they deserve; they an*, therefore, reproduced in figure 9. 
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In figure 10 diffusion curves, as obtained by Longsworth* with the sehlieren- 
scanning method, are reproduced. 

2. Measurements 

In order to measure the true diffusion rate of a solute, it is necessary to eliminate 
the influence* of any external force other than that of osmotic pressure* produced 
by the solute* molecules in question. Fen* this reason, the* concentration gradient 
lias to be* negligible 1 for all other ions ami mole*e*ul<*s that may be present ; and, 



Kic;.a Km. 10 

Ki<;. !). Helmetivt* index gradient curve's for tin* diffusion of sodium chloride*, ms oh- 
taiued by Tlio.*\crt (51) with the use of m eylindricMl lens mix! mu inclined sliI. Heproduced 
from the original pnper (52). 

Km. 10. Helmetivc-indcx gradient curves for the dilTusion of m 1.4 per cent egg albumin 
solution, ms ol*taine*d by tlu* Longsworth sclilier(*n-scanning method. Th(» left- Mild light 
hand picture's correspond, respectively, to the two boundaries in the Tiselius electrophore¬ 
sis cell. r \ he time ot diffusion was 151,100 sec. in the top photographs and 2M5,N00 in the* 
bottom photographs. Unpublished experiments by Dr. b. («■ Longsworth. 

with solute molecules carrying electrical charges, such as the proteins, diffusion 
potentials have to In* suppressed. Both requirements arc met by carrying out 
the diffusion measurements in tin* presence of salts and by equilibrating the 
solution against the solvent, prior to th(* measurements, by dialysis through 
collodion or cellophane membranes. Salt concentrations of 0.1 ionic strength 
usually suffice to suppress diffusion potentials. 

The diffusion cell is filled with solution and solvent as described above*, and 
the time of diffusion is measured from the beginning of formation of the 
boundary. The length of the* diffusion run, the time of the first exposure*, and 

* The author is indebted to Dr. L. (1. Longsworth for placing these photographs at his 
disposal. 
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the* time intervals between successive exposures eiepe*nel on the diffusion rate of 
the protein under investigation and on the* magnitude of the refractive-index 
gradients in the diffusion column. 

Limitations on the over-all time of diffusion are imposed by both theoretical 
and practical considerations. The former have to do with the primary assump¬ 
tion involved in the derivation of equation 3, i.e., that the time of diffusion is 
short enough to avoid the occurrence of concentration changes at the extreme 
ends of the cell; the latter relates to the stability of the protein under investiga¬ 
tion and requires that no chemical or physical changes occur during the diffusion 
process. Both factors tend to place an upper limit on the duration of the 
experiment. 

The influence of the magnitude* of tin* refractive-index gradient on the diffusion 
measurements can be best appreciated bv considering certain approximations 
made in the application of the* theory of the curvature* erf light to the* pre*sent 
method (10). 

The* magnitude of Z, the* scale-line displae*ement, depe*nds on (7, the* optie*al 
magnification, />, the optical distance* from the* scale to the* e*e*nte*r of the* cell, 
and tf, the* angle* erf deviation of a light ray passing through the* optically in- 
homog(*neems medium contained in the* diffusion e*e* 11 (ec(nation 8). The approxi¬ 
mations involves! in the* derivation erf’ this equation are* as follenvs: (/) d is suf¬ 
ficiently small to warrant the* substitution of the* arguments of the* angle's of 
inclination erf the* deviated light pencils with the* optic axis for their tangents. 
Lamm has shown that for angle's of 1.7°, this approximation in true luces an c»rror 
of 0.0003 radian. (2) n anel da/eLr are cemstant. in the* regiem erf the evil trave*rse*el 
by the light ray. This means, physically, that the* vertical thickne*ss of the light 
pe»ncil is se> small that the displacement Z is characte*ristic of a werfl-dcfincd lu*ight 
in the* diffusion column. Both conditions are more? nearly fulfille*e 1 the longe*r 
the optical distance between camera lens and se*ale*, the* smalle*r the* aperture* of 
the* le*ns, and the* she)rte*r the* distance be*twe*e*n ce*ll anel se*ale*. A small aperture 
is also re*<|uire*el on ace*e)unt of the le*ns action of the* re*frae»tive*-index gradient 
itse*lf; henvever, a le>we»r limit is plae*e*d on the* ape*rture by the* diffract iem phenom- 
c»na oe*curring whe*n the* ape*rture* be*e*e)me*s too small. Value's ranging l)e*twe*e*n 
/:50 and /:80 are* satisfactory. As a rule, b and the* aperture* will be* made 
smaller for higher retractive graelients and large*!* for smaller gradients. From 
an e*xte*nsive? st.uelv erf the* infiue*nce of these* various fae*te>rs, Lamm (10) arrived 
at the* conclusion that the? the*e>re*tieal re*<(uireme*nts are* fulfilled as long as the 
scale line's appear on the* photographic plate uneliste>rteel and in focus, anel this 
working rule can ronve*nie*ntly be? used as a guide for actual experimentation. 
While too large elifferonecs in initial e*e>nce*ntratie)n must, therefore, be* avoided, 
disturbances may also e)ccur when the solute* conce*ntratie>n is te>e> low. In the 
latter case, the* density eliffere*ne*e betwe*en solution and solvent may become too 
small to ke*ep the concentration gradients constant within the* horizontal planes. 
The extreme* limits in initial differences in ceme*e*ntration between solution 
and serfvent lie in the? neighborhood of 1.5 anel 0.2 per e*ent pre>tein, respectively. 

Afte?r completion of the* diffusion run the ce*ll is filled with the solvent and 
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mother exposure taken, yielding an imago of the reference scale'. The scale-line 
distances arc th(*n measur'd in a microcomparatnr, with an accuracv of ±1 m- 
The most convenient procedure consists in recording the comparator readings 
as determined from the same starting point on the microcomparator and setting 
the cross-hair on the* same' starting line* on each scale* image. The differences 
between the* readings on the reference scale* and experimental scale* are* then 
plotted as ordinates, against the* re*spe*etive* comparator readings on the* experi- 
me*ntal scale* as abscissae*, thus yielding a curve* which re*late*s the* scal»*-lin<* dis- 
plae*e*m<*nts, X, te) the* positie*ns of the displaced line's, z. 

d. Methods of calculation 
(a) Monoelisperse* systems 

The curves obtaine'd in the* manner described al)ove* are*, c*\e*<*j>t for a e*onstant 
factejr ele*pe*nding on the* photographic e*idarge*ment anel the* optical ce*ll scale* 
distance*, of the* same* form as equation I. The* calculations of the* diffusion 



Fr<;. 11. Ideal scale-line displacement (listrilmI : «»n curve (in normal coordinates). Z 
is the scale-line displacement, : the position of the disj)laced lines, //,„ the maximum ordi¬ 
nate, fj. half the distance between the inflection points, and // and jr coordinates lor points 
on the curve. 

constant arc* based on tin* assumption that in the ideal case tin* curves have the 
properties of (iaussian distribution curves. We shall consider hrst tin* cast* 
of monodisp(*rs(* solutions and ideal diffusion behavior. The following symbols 
will be us**d in the following equations which an* most commonly used for 
calculating diffusion constants. Their meaning is also illustrated in figure 11. 

If m — maximum ordinate, 
ju = half the distance* between the inflection points, 

.r, = abscissa of the point z\ 

//, = ordinate* of the* point /, 

.1 = area under the curve, 

<7 = standard deviation, 
t = time of diffusion, and 
I) = diffusion constant. 
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(1) Maximum ordinate method. The maximum ordinate divided by \/e 
gives the ordinate of the inflection points, // M . The diffusion constant is 

I) = (*' whore* //„ = 7/ " (10) 

(2) Method of successive analysis. Here the diffusion curve is divided into a 
series of vertical and horizontal chords, and the diffusion constant is calculated 
from a pair of successive values of .r, and //,. 


I) = 


J'a ~ - r i 


4/ In 


//i 

//, 


( 11 ) 


In practice*, the* diffusion curve* is divided on e*ither side e>f the* I>ise*e*tin^ ordinate 
into about thre*e* te> four ordinates equally spae*e*d from e)ne* ane>tlie*r, and the* 
diffusion constants are* calculated as de*scribe*el. For a inonodisperse solution, 
the* l) value's should agree with one* anothe*r to within 2 pe*r ce*nt or be‘tte*r. 

(»?) Maximum ordinate area method. If, in equation 1, x is take*n as ze*ro, 
then 


/da\ __ _ th — n {) 

\d.r/jr=i) 2\/ nDt 

and (12) 


I) _= ( /hl ~ ^ 

M (//,„) 2 17T/(//,„)- 

The* are*a J is determined by graphical integration. 

(.{) Statistical method. This method, developeel by Pearson (3fl) and applie*ei 
to the* present pre)ble*m by Lamm (Hi), consists in treating the* experimental 
curves as ide»al displacement distribution curves. According to statistics, the* 
standard eleviatiem, <r, is equal to 

o = V nl (13) 

whore is th<> second moment of tlx* curve about the mitroidal 9 ordinate- 
The diffusion cemstant D is re*late*el to a by 



(14) 


In practice, the base* line of the diffusion curve is divided into evenly spaced 
units of the breadth unity, numbered outward from an arbitrarily chosen origin 
near the center of the base line. If #,■ is the respective number on the base line 
and Si the corresponding ordinate, then the zero moment of the curve about the 
arbitrarily chosen central ordinate is 

go = 2(aS\) = N (15) 

9 The eentroidal ordinate is that ordinate about which the first moment is equal to zero. 
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and is equal to area in the S units that were chosen the first moment about 
this ordinate, is 

/ S(s«S.) 

M1 " ~N~ 

and the second moment, /4, is 

The position of the true centroidal ordinate is 

/ 

Zo = So — Ml 

and the true second moment, M 2 , is 

M2 = M2 “ (mi) 2 

The second moment calculated in this manner has yet to be converted into 
absolute units by the relation 

M2 = M2W 2 (20) 

where co is the distance between successive vertical chords, S iy in centimeters. 
In the interest of greater accuracy it is advisable to chose a>, the ciass breadth, 
not too large, and as a rule, 20 to 30 divisions of s on either side of the center 
of the base line will be most satisfactory. 

The diffusion constant calculated by any one of the methods given has 
to be corrected for photographic magnification and optical distances between 
camera, cell, and scale. If G is the photographic enlargement factor, l the optical 
distances from the lens to the scale, and b the optical distance from the center 
of the cell to the scale, the correction factor by which the calculated D values 
have to be multiplied is 

F - C-Br)‘ (21) 

The extent to which the experimental diffusion curves deviate from an ideal 
displacement distribution curve can be studied by transforming the coordinates 
s and S into normal coordinates, £ and \f/ y in which case the time of diffusion 
disappears as parameter. 

The relations between $, S, £, and ^ are 

*=(s-w)~ (22) 

or 


(16) 

(17) 

(18) 
(19) 


and 


* = 



(23) 
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where a is the calculated standard deviation, as discussed previously. The 
curve obtained in this manner is, for the ideal case, identical with the normal 
form of the ideal distribution curve, the values of which can be found in mathe- 



Fig. 12. Comparison of an ideal Gaussian distribution curve with the diffusion curve as 
obtained from measurements on a 0.8 per cent solution of urea-denatured serum albumin in 
8 M urea (31). The open circles refer to the experimental points, plotted in normal coordi¬ 
nates. The full circles indicate the position of the ideal distribution curve. 



3 2 I O I 2 3 
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Fig. 13. Comparison of an ideal Gaussian distribution curve with the diffusion curve as 
obtained from measurements on a 0.8 per cent serum albumin solution at pH 7.6, denatured 
by heating for 30 min. at 70°C. Polydispersity is most clearly indicated by the difference 
in maximum ordinates of the ideal curve (full circles) and the experimental curve (open 
circles). Unpublished experiments by Neurath, Cooper, and Erickson. 

matical tables. The “fit” of these two curves is a measure of the homogeneity 
of the solute under investigation, and is illustrated for a monodisperse solution 
in figure 12 and for a polydisperse solution in figure 13. 

While, in the preceding cases, the diffusion constant has been calculated from 
a single curve, it is, of course, also possible to obtain values of D from a com- 
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parison of the properties of the curves obtained after consecutive time intervals. 
It will be noted that in the equations given, the diffusion constant is related to 
any two of the variables Hi, X„ and A, t being a constant. By introducing 
t as a variable, another set of equations can be formulated if any one of the 
above-mentioned variables is chosen as constant. This method has been used 
recently in studies of the diffusion of the rabbit papilloma virus protein (32), 
with the particular object of differentiating between lack of monodispersity, 
on one hand, and restriction of free diffusion, on the other, as the origin of the 



Fig. 14. Relation between time of diffusion and maximum ordinate, H m (left),and half the 
distance between the inflection points, fi (right) of diffusion curves, as obtained from meas¬ 
urements on the rabbit papilloma virus protein (32). For further explanation see text 
and equations 24 and 25. 


observed variations in apparent diffusion constant with protein concentration. 
From equation 10, for instance, it follows that 


JL=VD (24) 

y/21 


and 


Hrn 

Vi 


K 

Vd' 


where 



(25) 


The results obtained from a plot of these equations are shown in figure 14. 
While in the most dilute solutions the curves are linear in both plots, diffusion 
anomalies occurring in protein concentrations of 0.3 and 0.5 per cent are evi¬ 
denced both by the variations in the slope and by the non-linear shape of the 


curves. 


(b) Polydisperse systems 

While, with monodisperse solutions, calculations by any one of the methods 
just given yields a value for the true diffusion constant of the solute in question, 
average values are obtained if the solutions are polydisperse. 
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An estimate of the diffusion constant of the fastest moving component can be 
obtained with the aid of equation 11, provided its diffusion rate, relative to that 
of the other components, is sufficiently fast to establish a concentration gradient 
of its own, at higher values of x. In that case a set of equations of the form 
given in equation 11 can be set up, and Aim., the limiting value of the diffusion 
constant, extrapolated from x —•> », Hi —> 0. A more detailed discussion of the 
limitations of this method will be given in section D4 (page 378). 

The problem of the resolution of a compound diffusion curve of a polydisperse 
system into its component curves has received attention recently by Dr. L. W. 
Nordheim and the author. Assuming a solution to be composed of two compo¬ 
nents of different diffusion constants, the individual constants and the concentra¬ 
tions of the two components may be calculated as follows: 

The diffusion equation is as stated previously, 


dn = thj-jh -~ 

dx 2 VV-D* 


(26) 


Substituting for 2Dt = a and for n\ — n 0 = kc, 


d n 
dx 


iy/ 2i r 


e 2a ' 2 


(27) 


For a solution 10 containing i components with concentrations c and standard 
deviations <7, the general diffusion equation is (16) 


g(x) = [ 

J a 


(7 


cM . 

V2^ e 


x*_ 

2 ° 2 d<r 


(28) 


and for i = 2 


g(x) = — C We' 
<7lV 27T 


x- x - 

2a l + — i~e 

ff2V 27r 


(29) 


Calculation of higher moments and integration with respect to x yields the 
following set of equations: 



j( x*g(x) 
j ( x 3 g(x) 


dx = V 2 = 
dx = vz = 


s-/l 


1 c 2 

H->= *2 

a 2 y/ 2w 

c 2 


\/l = \ {Ci + Ci) 


Cl 

ffiV 2: 

Cl 2 1 c 2 2 1 ^ \ 

-—<ri + - -—a 2 = —+ c 2 (Ti) 

<J\ v 27r (72V 27T V 27T 


_Cl 

<Tl\/ 2 




3 | 

<71 + 


C 2 


<72^2 

Cl 2 <r \ + -*2*i = 2 


<7i\/27r 


(7 2 V^ 27T 


^/^/ , |(72 = ^(Cl<7? + C 2 <7 2 ) 
(ci<7i + c 2 <r\) 


y/ 2 tt 


(30) 

(31) 

(32) 

(33) 


10 Here it is assumed that dn/dc is constant not only for the whole solution but also for 
the individual components. If the specific refractive-index increments of the components 
are different, refractive indices have to be used in the calculations in place of concentra¬ 
tions. For proteins of closely related properties such as those derived from a mixture by 
fractional precipitation, the refractive-index increments may be considered to be the same. 
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Here vq is equal to one-half the area under the curve, and vi, p 2l and v 3 to the 
first three moments calculated for either one of the halves of the curve, with 
the centroidal ordinate as origin. 

Setting 

a = - 2v 0 ( 34 ) 

vo 


b 


V2ir 

= - Vi 

Vo 


(35) 


we obtain 


c 



V2tt 

2v 


1 be — a d /[ (be — ad\ _ bd — c 2 

2 ac — b 2 y 4 \oc — b 2 ) ac — 6 2 


(36) 

(37) 

(38) 


where <n and <r 2 are the standard deviations of the two components, related to 
their respective diffusion constants by equation 14. Substitution of «n and a 2 
into equations 31 and 32 yields the relative and absolute concentrations of the 
two components 11 . 

The method as presented here is strictly applicable only if the experimental 
diffusion curves are truly symmetrical and if the solutions under investigation 
are known to be composed of only two components. If there are more than 
two, this method yields only mean values which, however, are probably closer 
approximations than those obtained from a single standard deviation. The 
method should prove particularly useful when applied to protein solutions for 
which the presence of two components has been established by sedimentation 
analysis, since it facilitates the determination of the respective diffusion con¬ 
stants without previous separation and isolation of the individual components. 
A discussion of the limitations of the method will be given in section D4 (page378). 

The problem of the diffusion of polydisperse systems has also been considered 
recently by Gral&i (9). His calculations are directed primarily toward an 
evaluation of the average diffusion constant. The type of average has been 
shown by him to depend on the method of calculation employed. Thus with 
equation 12 the average diffusion constant D 0 is 



11 Equation 33 may also be replaced by the relation 

<T\ <*Z 

where H m is the maximum ordinate. This method may be more convenient in that it 
eliminates the calculation of the third moments. 
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and with equation 14 


TNff Set Dt 

Do = Ter 


(40) 


where i is the number of diffusing components, c their respective concentration 
and D the respective diffusion constant. The ratio of these two average diffusion 
constants 



is considered to be a measure of the degree of polydispersity. Assuming a 
logarithmic distribution function, Gral6n calculates the distribution of diffusion 
constants in relation to the relative concentrations of the diffusing components. 


4. Resolving power and accuracy 

We have stated in the preceding discussion that, for a monodisperse solution, 
the diffusion constants calculated with the aid of the various equations should 
agree with one another to within 2 per cent or better. The question arises, 
however, whether such a close agreement is necessarily an indication of mono- 
dispersity or whether it may not merely simulate monodisperse behavior of an 
actually polydisperse system. This problem has, as far as we are aware, not 
been considered previously. Its importance for determinations of the state of 
dispersion of a protein solution and the determination of the molecular weights 
of proteins is obvious and can hardly be overemphasized. 

The following discussion is limited to a comparison of a monodisperse solution, 
on one hand, with one composed of two diffusing entities, on the other. If in 
equation 29 one of the two right-hand members is small enough to be neglected 
in comparison with the other, the equation can be reduced to the logarithmic 
form given in equation 11. This is possible if (1) <r 2 = 0, in which case one is 
dealing with a monodisperse solution; (2) <r 2 « <n ; or (3) c* « Ci. Case (2) 
implies that, as mentioned, at a given distance, x, the observed refractive-index 
gradient is due only to the first component and is zero for the second component. 
Case (3) implies merely that the concentration of the second component is 
altogether too small to give rise to a measurable refractive-index gradient. If, 
therefore, <n = <r 2 , or <r 2 = 0, values of D calculated with equation 11 should 
be constant over the whole region of the diffusion curves and the solution may be 
said to be monodisperse. If D is found to increase with increasing values of x , 
the limiting value of the diffusion constant of the fastest moving component 
can be determined by extrapolation to x —» «*>, provided condition (2) is known 
to be fulfilled. Otherwise, equation 11 is invalid and the method of “successive 
analysis” is not applicable. 

The most readily detectable difference between the observed diffusion curves 
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and normal Gaussian distribution curves exists with respect to their maximum 
ordinates. If, in equation 29, x is taken as zero, this equation reduces to 



where H)? is the maximum ordinate, and <n and <r 2 are the standard deviations 
of the two components present in concentrations Ci and c 2 . <r, it will be re¬ 
called, is proportional to the square root of the diffusion constant. 

For a monodisperse substance we have 


Setting 



c = Ci + c 2 


(43) 


the maximum ordinate of a diffusion curve of a monodisperse solution can be 
compared with that of a curve produced by the simultaneous diffusion of two 

( H 1,2 \ 

— 1 llOO gives the percentage change in the 


maximum ordinate of the diffusion curve of a mondisperse solution. In table 
1 values are given for this quantity, calculated for various ratios of A/A in 
relation to assumed values of c 2 /ci. <r has been assumed to be equal to <r lf i.e., 
we compare the maximum ordinate of the diffusion curve of a monodisperse 
solution of the faster diffusing component with that of a solution containing 
both components in varying relative concentrations. 

It may be seen from table 1 that the maximum ordinate of the compound 
diffusion curve is always higher than that of the diffusion curve of component 1. 
The percentage increase is smaller the more closely the two diffusion constants 
approach each other and, for a given value o r A/A, the lower the relative con¬ 
centration of the second component. The accuracy with which the maximum 
ordinate can be determined experimentally is about 1 per cent (about ± 2^ 
for a maximum scale-line displacement of 300 /i). Hence, it is practically im¬ 
possible to detect with this method of calculation the presence of about 20 per 
cent of material having a diffusion constant 10 to 20 per cent lower than that of 
the major component; the resolving power increases, however, with increasing 
differences in the two diffusion constants, and with ratios of A/A approaching 
a value of 0.5, the resolution becomes sufficiently distinct to detect the presence 
of the second component 12 in a concentration as low as about 5 per cent of that 
of the total protein. 


18 We have stated in a recent paper (30) that the diffusion measurements on serum al¬ 
bumin denatured by urea, or by guanidine hydrochloride, indicate the solutions to be mono¬ 
disperse. The ratios of the diffusion constants of native and denatured protein are, in 
these cases, about 0.5, and the agreement between the observed and calculated maximum 
ordinates is within the limits of the experimental error (see figure 12). ihis conclusion is 
in accord with the present ideas. 
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The situation becomes somewhat different if the compound diffusion curve is 
compared with that of a single substance, the diffusion constant of which lies 

TABLE 1 

Comparison of the maximum ordinate of a compound diffusion curve of a mixture of two 
components of diffusion constants Di and D% with the maximum ordinate of the 
diffusion curve of a single component of diffusion constant Di 
Ci and ct are the relative concentrations of components 1 and 2, D%/Di is the ratio of 

-1 ) X 100 is the percentage change in the 

maximum ordinate, IJ l my of the diffusion curve of a monodisperse solution of 

component 1 


Cl 

Cl 


Di 

PER CENT CHANGE IN Hfn FOR — 

- 


0.9 

0.79 

0.70 

0.50 

0.25 

0.10 

1 

0 

o 1 

0 

0 

0 

0 

0 

0.9 

0.1 

0.5 

0.6 

2 

4.1 

10 

126 

0.75 

0.25 

1.3 

3.3 

4.9 

10.4 

25 

142 

0.50 

0.50 

2.5 

7.0 

9.7 

20.8 

50 

166 

0.25 

0.75 

4.0 

10.0 

14.8 

31.2 

75 

191 

0.10 

0.90 

4.8 

11.2 

17.8 

37.5 

90 

206 

0 

1.0 

5.2 

13.7 

19.8 

41.6 

100 

216 


TABLE 2 

Comparison of the maximum ordinate of a compound diffusion curve of a mixture of two 
components of diffusion constants Di and D a with the maximum ordinate of a diffusion 

/•ft _ Vo. + y/Di 
2 


curve for a single component of diffusion constant Do, where y/ Do 


Ci and C 2 are the relative concentrations of components 1 and 2; Di and D 2 are their diffusion 

( Dm* \ 

— 1 j X 100 is the percentage change in the maximum ordinate, Hm f 

of the diffusion curve of a monodisperse solution of a component with diffusion 
constant Do and concentration Co ** Ci 4- Cz 


Cl 

Cl 

©-)— 

1 

0 

per cent 

-14.7 

0.90 

0.10 

-11.2 

0.75 

0.25 

-5.9 

0.50 

0.50 

4-3.0 

0.25 

0.75 

4-11.9 

0.10 

0.90 

4-17.2 

0 

1.0 

4 -20.8 


between those of the two components. Such a comparison is made in table 2 
for the case in which the diffusion constant of the single substance, y/Do, is 


equal to . The change in maximum ordinate is again expressed 


o 
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r that of the diffusion curve for the single substance, 

will be noted, the maximum ordinate of the compound 

curve is lower than that of the single curve for values of oi below 0.5 and higher 
for values above 0.5. The region near c 2 = 0.5 is of interest because the per 
cent deviation approaches zero, implying that it is impossible to decide, on the 
basis of the maximum ordinate alone, whether one is dealing with a mixture of 
two components or with a single component, the diffusion constant of which is 
about half-way between that of the two components. 

Such an apparent uncertainty can be partly dispelled if, from the history of 
the experiment, predictions can be made regarding the values of the diffusion 
constants to be expected. However, the calculations given in tables 1 and 2 
refer to particular cases, and it can be readily seen that equation 29 permits 
of an infinite number of solutions depending on the choice of the values for 
Ci, c 2 , <T\ y and o^. 

The problem becomes definite upon application of the statistical method of 
analysis. We have seen that the four equations (30 to 33) contain four unknowns 
and, therefore, are capable of one solution only. As a test for monodispersity, 
the following relations, which follow directly from these equations, may be 
applied: 


in terms of percentage < 

(if- 1 ) 100 - »”•* 


and 


»0Vi Oi) 2 ^ 

(44) 

PoVz ^ 2 j/i v 2 

(45) 


The right-hand members of these equations should be equal to the left-hand 
members for a monodisperse solution, and smaller for a two-component solution. 
Moreover, the absolute values of the moments will be different for a mono¬ 
disperse solution, on one hand, and for a polydisperse solution, on the other. 
An illustration of these relations is given in table 3. The symbols have the same 
meaning as in the corresponding equations. Column A refers to a 1:1 mixture 
of materials the diffusion constants of which are assumed to be 7 X 10“ 7 and 
5 X 10" 7 , column B to a 1:1 mixture, diffusion constants 7 X 10“ 7 and 3.5 
X 10“ 7 , and column C to a single substance, diffusion constant 7 X 10“ 7 . In 
the first case, the per cent difference is 0.8 for equation 44, and 1.5 for equation 
45; in the second case, the corresponding differences are 3.5 per cent and 5.6 
per cent. While the former values are probably too small to be detected experi¬ 
mentally, the latter are outside the limits of the experimental error. The 
differences between the absolute values calculated for the three cases are very 
marked and may be used as a guide when other evidence is available to indicate 
an expected value for D or c. 

In summarizing this discussion, it may be stated that application of diffusion 
measurements to the determination of the state of dispersion of a protein solution 
is limited by two factors, one of theoretical, the other of practical nature. The 
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former has to do with the insensitivity of Gaussian distribution curves to small 
variations in the standard deviation; the latter is related to the accuracy with 
which the curves can be obtained experimentally, even when the greatest care is 
exercised. There is, however, little doubt that the application of the above 
relations to experimental data should place diffusion measurements on a much 
more reliable basis than they appear to be at present. 

TABLE 3 

Comparison of statistical properties of diffusion curves of monodisperse and 
polydisperse solutions 

D\ y D% = diffusion constants of components 1 and 2; ci, c% ■» relative concentrations of 
both components; t ** time of diffusion in seconds; ?o, n, n = moments of diffusion 
curves (for their meaning see text); Ai = difference between values listed in rows 10 and 
11, expressed in per cent of value listed in row 10; An « difference between values listed 
in rows 13 and 14, expressed in per cent of value listed in row 13 



FKOPEKTIES 

A 

B 

c 

(1). 

D t X 10 7 

7 

7 

7 

(2). 

D 2 X 10* 

5 

3.5 


(3) . 

t in seconds 

86,400 

86,400 

86,400 

(4). 

Cl 

0.5 

0.5 

1.0 

(5). 

C 

1 

rH 

n 

0.5 

0.5 

0 

(6). 

vo 

0.5 

0.5 

0.5 

(7). 

Vi 

0.1280 

0.1184 

0.1387 

(8). 

v% 

0.0519 

0.0454 

0.0605 

(9) . 

Vi 

0.0270 

0.0228 

0.0337 

(10). 

VOVl 

0.0260 

0.0227 

0.0302 

(ID. 

M’f 

0.0258 

0.0220 

0.0302 

(12). 

Ai 

0.8 

3.5 

0 

(13). 

VOVl 

0.0135 

0.0114 

0.0168 

(14). 

2v\v\ 

0.0133 

0.0107 

0.0168 

(16) . 

A„ 

1.5 

5.6 

0 


III. Results 

The diffusion constants of a large number of proteins have been measured in 
recent years. The impetus to these determinations came largely from sedimenta¬ 
tion-velocity measurements, which require a knowledge of the diffusion constants 
for the determination of molecular weights. Measurements with the light- 
absorption and the light-refraction methods have been carried out most ex¬ 
tensively in Svedberg’s laboratory, where these methods were originated, in 
the laboratory of J. W. Williams, and in that of the present author. Before 
considering these results it may be of interest to compare the values of diffusion 
constants as obtained for certain proteins by the various experimental methods 
previously discussed. This is done in table 4. 

The results obtained with the porous-disk method are more susceptible to 
experimental error than those obtained from measurements of the absolute 
diffusion rate, for the reasons already given. The discrepancies to be noted in 
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table 4 are probably due to a large extent, to differences in the preparation of the 
materials employed by the various investigators. It would be of interest 
to see how well the results would agree if one and the same material were to be 
used for comparative measurements. 

Sufficient material has accumulated to make it possible to estimate the preci¬ 
sion of the refractometric-scale method. Lamm's (16) measurements on 
potassium chloride and pentaerythritol, analyzed by means of the methods of 
calculation considered previously (section D3), reveal a standard deviation from 

TABLE 4 


Comparison of the diffusion constants of certain proteins as determined by various 

methods of measurement 

2>HjO “ diffusion constant calculated for 25°C. in water 


PROTEIN 

T 

i 

METHOD 

d 25 ‘ 

D HiO 

REFERENCE 


°C. 


cm .* per second 1 




X w » 



8 

Porous disk 

8.9* 

(35) 

Pepsin. 

20 

Scale 

10 .31 

(42) 



25 

Scale 

10.0, 9.2f 

(29) 


5 

Porous disk 

6.9* 

(36) 

Hemoglobin (carbon monoxide). 

0 

20 

Porous disk 

Light absorption 

8.0 

7.2 

(10) 

(53) 


20 

Scale 

7.9 

(42) 

( 

25 

Porous disk 

11.15 

(21) 

1 

Egg albumin. i 

20 

20 

Light absorption 
Scale 

8.7 

8.7 

(53) 

(42) 

{ 

0 

ScMieren scanning 

i 

8.7H 

(18) 


* Corrected for erroneous value of the diffusion constant of 0.1 N hydrochloric acid origi¬ 


nally used in the calibration of the cell (2). 

t Unfractionated crystalline preparation used by the investigator. 

t The two values refer to two crystalline fractions differing from one another in solu¬ 
bility. 

§ This value may be in error, since the measurements were carried out in the absence of 
salts. 

t Extrapolated to infinite dilution according to Poison’s data (42). 

the mean not exceeding 1 per cent. With monodisperse protein preparations 
such as egg albumin (42), excelsin (42), serum albumin (29), serum pseudo¬ 
globulin (29), and others, the standard deviation from the mean lies close to 2 
to 3 per cent. 

In the following, we shall examine the factors which have been found to 
influence the diffusion rate of proteins and which, unfortunately, have not 
always received the attention they deserve. The most important of these 
factors are the time of diffusion, the temperature, the solvent viscosity, and the 
solute concentration. 
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A. TIME OF DIFFUSION 

While the majority of measurements that have been published do not reveal 
any significant drift of the apparent diffusion constant with time, there has 
been noted in several instances a gradual decrease of the diffusion rate, ap¬ 
proaching asymptotically a constant value after longer time intervals. 

This effect has been observed with both the porous-disk method (10, 57) and 
the refractometric-seale method. Of the monodisperse proteins studied by 
Poison (42), about one-fourth revealed a downward drift of D with time, whereas 
the remainder did not. Of the experiments carried out in the author's labora¬ 
tory, about one-half exhibited this effect. With secalin, studied by Andrews 
(1), D decreased to as much as one-fourth of the initial value. Longs- 
worth's recent measurements on egg albumin 13 show a downward drift at pH 
4.04 but not at pH 11.81. The origin of this effect is rather obscure and its 
elucidation must await further detailed measurements on monodisperse solutions; 
it also remains to be seen whether in experiments where this effect is observed 
the mean value or the limiting value should be taken as the best approximation 
to the true diffusion constant. 


R. TEMPERATURE 

The influence of temperature on the diffusion constant is given by the equation 


IK = 

l)y Ty V, 


(46) 


where D x and I) v are the diffusion constants at the absolute temperatures T x 
and T v , respectively, and rj x and rj u the corresponding viscosities of the solvent. 
The equation has been verified experimentally by Tiselius and Gross for phyco- 
erythrin (53) (measured at 20° and 30°C.) and by Poison for egg albumin (42) 
(measured at 15°, 20°, and 25.1°C.). Longsworth's measurements on egg 
albumin (18), carried out at 0°C., likewise agree with Poison's data when cor¬ 
rected for the temperature by means of equation 46. 


c. VISCOSITY 

While this factor will be considered more fully in the following paragraph, it 
may be said here that, by and large, the viscosity correction 

D x - D t — (47) 

*?* 

holds, for values of i?„/ r\ x not exceeding 1.1. Here D x and D v are the diffusion 
constants measured at a constant temperature in solvents of viscosities t\ x and 
ij yf respectively. Diffusion constants are usually referred to water as a solvent, 
in which case ij t is the water viscosity at a given temperature (20° or 25°C.) and 
riy that of the solvent into which diffusion takes place. 

Poison's measurements on egg albumin (42), in ammonium sulfate solutions, 

11 The author is indebted to Dr. L. G. Longsworth for placing these data at his disposal. 
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varying in relative viscosity (with respect to water) between 1.090 and 1.437, 
indicate, however, a slight increase in the apparent diffusion constant when 
corrected for the solvent viscosity by means of equation 47; recent measurements 
on serum albumin in solutions of sucrose, as well as in solutions of urea and 
guanidine hydrochloride (30) (77/77 0 varying between 1.15 and 1.30), cast some 
doubt on the strict validity of equation 47. In these instances, the relative 
viscosity influential in retarding the diffusion rate appears to be about 10 per 
cent higher than that actually measured. This problem is being further in¬ 
vestigated in the author’s laboratory. 

D. THE INFLUENCE OF CONCENTRATION ON THE DIFFUSION RATE 

We have mentioned at the outset that the validity of the diffusion equation 3 
requires the independent motion of the diffusing entities; under these conditions 
the diffusion rate is independent of the solute concentration. While on a molar 
basis, protein solutions of 1 to 5 per cent concentration are still in the “infinite 
dilution” range, yet the diffusion rate is not independent of concentration. This 
non-ideal behavior is reflected also by sedimentation and viscosity and is fre¬ 
quently met with in solutions of high-molecular-weight compounds. 

The influence of concentration on the diffusion rate may be studied by either 
one of the following methods: (/) the initial concentration difference is varied 
by increasing the concentration of the solution and keeping that of the solvent 
at zero; (2) the initial concentration difference is kept constant, but the absolute 
concentration of both solution and “solvent” is increased. The first method is 
limited in scope by the optical disturbances occurring with high refractive-index 
gradients, as discussed in section D2 (page 22). It can be used up to protein 
concentrations of about 1.5 per cent. 

Where a concentration dependency of the diffusion constant, within the limits 
of about 0.2 and 1.5 per cent, is observed, the true diffusion constant can be 
determined by extrapolation to zero concentration. This is analogous to the 
procedure used in other physical measurements, such as those of osmotic pressure 
or sedimentation rate. Of course, this method is restricted in applicability if, 
for instance, particle dissociation occurs in very dilute solutions, as has been 
observed with hemoglobin (40). A protein the diffusion rate of which is fairly 
independent of the concentration up to about 1.4 per cent is egg albumin, as 
can be seen from table 5. With the tobacco mosaic virus protein (33), on the 
other hand, the diffusion constant is concentration dependent in concentrations 
as low as 0.2 per cent. This is evidenced by the variations in the calculated 
values of the diffusion constant, and also by the shape of the individual diffusion 
curves. They are skew r ed, as shown in figure 15, and the position of the maxi¬ 
mum ordinate shifts with time toward regions of lower concentration. These 
phenomena have been related to a restriction of the diffusion rate in the regions 
of relatively high concentration, owing to interparticle attraction, and to a cor¬ 
responding acceleration in regions of relatively lower protein concentration (33). 

In the second method for studying the influence of concentration on the diffu¬ 
sion rate, the absolute solute concentrations are varied in both solute and 
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“solvent,” while their relative concentrations remain constant. Thus, the 
diffusion of a 1 against a 0 per cent solution, of a 2 against a 1 per cent solution, 
or of a 6 against a 5 per cent solution should proceed with equal rate if the diffu¬ 
sion constant is concentration independent. Such measurements have been 
carried out by Poison (42) on six different proteins, varying in molecular weight 
between 17,000 and 750,000, and in concentrations ranging from 1 to 9 per cent. 

TABLE 5 


Diffusion constant of egg albumin in relation to protein concentration (Poison (42)) 


PROTEIN CONCENTRATION 

n 20° 

^HiO 

Per cent 

X /0 7 

1.4 

7.64 

0.91 

7.71 

0.88 

7.76 

0.83 

7.73 

0.7 

7.71 



Fig. 15. Comparison of an ideal Gaussian distribution curve with the diffusion curve as 
obtained from measurements on a 1 per cent solution of tobacco mosaic virus protein. The 
open circles indicate the position of the ideal curve; the solid line refers to the experimental 
curve plotted in normal coordinates (33). 

In evaluating his results, Poison assumes that the frictional resistance effective 
in retarding the diffusion rate is only that of the buffer solution in which the 
proteins were dispersed, whereas the protein molecules contained in the “solvent” 
do not contribute to the friction. Thus, in systems in which, for instance, a 
buffered solution containing 6 per cent of protein diffuses against a buffered 
5 per cent solution of the same protein, the viscosity correction is assumed to be 
’Tbuffer/’JnaO > i e., the same as that employed in cases where the protein diffuses into 
the buffer itself. On this basis, Poison arrived at the conclusion that with some 
proteins, such as hemocvanin Homarus , the diffusion constant increases very 
slightly with increasing protein concentration, and that with amandin it remains 
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constant, whereas with serum globulin, egg albumin, laetoglobulin, and orythro- 
cruorin Lampetra it decreases as the concentration is increased. Poison's data 
are tabulated in column 3 of table 6 and are compared with the respective values 
of D the limiting value of the diffusion constant obtained by extrapolation 
to zero concentration 14 (column 7 of table 0). 

If, however, one applies the full correction for the viscosity of the solution 

into which diffusion takes place, ( T7xper o ? ,lt P rotfl,n Y values are obtained as given 

\ Vh 2 o / 


TABLE6 

Diffusion in concentrated solutions 


(1) 

(2) 

(3) 

(4) 

(5) 

(r.) 

(7) 

(H) 

(9) 


CONCENTS ATION 


nAio 

n*> x 

08 

/)» 


SOLUTE 



pro 



0*2 

Solu¬ 

tion 

Solvent 

X io 7 

SOLVENT 

t)0 

X 10’ 

(ODRD.) 

X 10’ 

((’ALCD.) 

[ 

3 

2 

7.43 

1.089 

8.14 

7.76 

0.058: 7.74 

Egg albumin (42)*.s 

6 

5 

6.94 

1.240 

8.62 

7.76 

0.884 

7.77 

l 

9 

8 

6.11 

1.48f 

9.05 

7.76 

0.787 

7.78 

Laetoglobulin (42). 

5.5 

5 

6.46 

1.246 

8.05 

7.30 

0.885 

7.26 

Serum albumin (5). < 

5 

6.7 

4 

5.7 

5.54 

5.20 

1.213 

1.348f 

0.72 

7.00 

6.11 

6.11 

0.007 

0.850 

6.11 

6.15 

Sucrose (42). < 

5 

4.5 

42.8 

1.116J 

47.8 

45.6 

0.030 

45.1 

10 

9 

39.9 

1.280* 

51.0 

i 

45.6 

0.875 

45.6 

Sucrose in 4 per cent serum al¬ 

bumin (5). 

1 

0 

41.4 

1.213 

52.2 

45.6 

0.007 

45.7 

Amandin (42). < 

4.5 

4 

3.55 

1.23 

4.37 

3.62 

0.98 

3.95 

8.66 

8 

3.57 

1.64 

5.83 

3.62 

0.98 

5.00 

Hemocyanin Ilomarus (42).4 

3.4 

6.8 

2.5 

5.9 

2.80 

2.83 

1.13 

1.36 

3.16 

3.84 

2.78 

2.78 

1.00 
1.02 

2.98 

3.36 

Hemoglobin Lampetra (42). j 

1.66 

3.33 

1.08 

2.71 

10.17 

9.34 

1.05§ 

1.13§ 

10.68 

10.58 

10.65 

10.65 

0.955 

1.02 

10.4 

9.95 


* The numbers given in parentheses refer to the observer as listed in the bibliography, 
t Extrapolated values, t Interpolated value. § Calculated from the dissymmetry constant 
with the aid of the Perrin and Simha equations (29). 


in column 6 of table 6. It will be noted that, according to these calculations, 
the apparent diffusion constant increases with increasing protein conmitra- 

14 While Poison believes that the concentration dependency of a protein is directly 
related to its molecular volume (the larger the volume, the smaller the intcrparticle distance 
and the greater the concentration dependency), it appears to us that such a viewpoint neg¬ 
lects many other factors which are known to influence the interaction between molecules of 
colloidal dimensions. Thus, for instance, the shape of the molecules and the nature of their 
surface undoubtedly play an important r61e. This can be seen from a comparison of the 
diffusion behavior of the tobacco mosaic virus protein (33), on one hand, and of the rabbit 
papilloma virus protein on the other (32). Both have molecular weights of comparable 
magnitude, but the concentration dependency of the diffusion constant of the rod-shaped 
tobacco mosaic virus protein molecules is considerably greater than that of the more nearly 
symmetrically shaped molecules of the rabbit papilloma virus protein. 
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tion. Such could only be the case if the molecules either dissociate into 
smaller units, or become more nearly spherical in shape. The fact, however, that 
a simple substance like sucrose follows the same trend, together with the known 
stability of some of these proteins, discredits such a hypothesis and calls for a 
closer examination of the problem. In its broadest form, it can be stated as fol¬ 
lows: What is the frictional resistance encountered by a molecule when it diffuses 
through a medium containing molecules of its own kind or molecules of com¬ 
parable size? We have seen in the preceding discussion that the solvent can, 
by and large, be considered as continuum as long as the solvent molecules are 
small in comparison with those of the solute; in that case, the simple viscosity 
correction as given in equation 47 is applicable. The data given in table 6 
demonstrate that, in the present case, the calculated values for the diffusion 
constant are too high if the full viscosity correction is applied, and too low, if 
the contribution of the large molecules to the frictional resistance is neglected. 



Fkj. 16. Diffusion in concentrated solutions. A plot of D/I) # against the specific vis¬ 
cosity of the “solvent’' ( — — 1 ), according to equation 48. O, egg albumin; □, lactoglo- 
\Vo / 

bulin; •, serum albumin, A, sucrose; <>, sucrose in scrum albumin. Compare also table 6. 

A thorough discussion of the problem would greatly exceed the scope of this 
review; however, it may be of interest to present here an empirical relation 
which, in the course of a preliminary investigation, Dr. G. R. Cooper and the 
author have found to be applicable to the diffusion of protein into protein, of 
sucrose into sucrose, and of sucrose into protein (5). In all these cases, the 
diffusing molecules are either of comparable size or svialter than those contained 
in the medium into which diffusion occurs. The experimental data employed 
were those of Poison (42), jus well as unpublished measurements carried out in 
this laboratory on the diffusion of concentrated serum albumin solutions, and 
on the diffusion of 1 per cent sucrose dispersed in a 4 per cent serum albumin 
solution and diffusing into the 4 per cent albumin solution. / v 

A linear relation was obtained when D/D w was plotted against ( - — 1J, 

where D is the measured diffusion constant, Z) w its limiting value for infinite 

dilution, and ( ~ — 1) the specific viscosity of the medium into which diffusion 
\V* / 

took place. The data are plotted in figure 16. In this plot, only those mono- 
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disperse proteins have been considered for which the observed diffusion constant 
decreases with increasing concentration. Poison's data for serum globulin 
were omitted on account of the polydisperse nature of the preparation employed 
by him. The straight line drawn through the points in figure 16 follows the 
equation 


Z) 

Ao 



(48) 


where k turned out to be 0.146. In column 9 of table 6, there are given values of 
D/D„ , calculated by means of equation 18. Comparison with the D M values 
given in column 7 of this table indicates a very satisfactory agreement between 
these two sets of data. The physical meaning of equation 48 is as yet obscure. 


It will be recalled that 



the specific viscosity of a solution, is propor¬ 


tional to its volume concentration; hence, the equation may also be written as 


~ = 1 - k'<t> (49) 

*'00 

where <t> is the ratio of the volume of the dispersed phase to that of the dispersion 
medium 16 . 

While no theoretical explanation will be offered at this time, nevertheless it 
is remarkable that this equation is equally valid for tin; high-molecular-weight 
proteins as well as for the low-molecular-weight sucrose. This fact suggests the 
equation to be of universal application. When Poison’s measurements on 
hernocyanin Homarus and amandin are evaluated with our equation, one finds 
an increase of the apparent diffusion constant with increasing protein concentra¬ 
tion. This might be due either to a splitting of the molecules, or to a decrease 
in molecular asymmetry without concomitant changes in size. The former 
interpretation appears to be more likely; Pedersen has found protein-protein 
interaction to cause, with certain proteins, dissociation into smaller units (40), 
and the hemoevanins in general, and amandin in particular, are known to be 
susceptible to dissociation. Moreover, the dissymmetry constants of both 
proteins in the native state are relatively low and could not decrease to the 
extent required by the increase in diffusion constant if the effects were ascribed 
entirely to changes in molecular shape. 

With Lampetra hemoglobin, the observed decrease in diffusion constant is 
larger than that predicted by equation 48, suggesting, on the basis of the present 
considerations, an increase either in molecular asymmetry, or in molecular size, 
or both. 

The empirical equation 48 may conceivably find application also to sedimenta¬ 
tion-velocity measurements. Here, too, the sedimenting molecules are moving 
through a medium containing molecules of their own kind and should thus be 
affected by their frictional resistance. While in very dilute solutions this effect 
can be neglected, it should become significant in more concentrated solutions. 

11 For solutions of spherical particles, k should be 1/2.5 ** 0.4. The close agreement 
between that value, and the value of 0.446 obtained here, is probably fortuitous. 
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The absolute values for the diffusion constants of proteins vary between about 
1 X 1(T 8 and 1 X 10~ 7 . With the large virus proteins, considerably lower values 
have been found, about 3 X 1(T 8 for tobacco mosaic virus protein and 6.4 X 10~ 8 
for the rabbit papilloma virus protein, for instance. In table 7 are summarized 

TABLE 7 


Observed diffusion constants and calculated molecular weights and dissymmetry constants of 

certain proteins* 


PROTEIN 

%,o * 10 ’ 

M 

J.h 

REFERENCE 

liibonucleaso . . 

13.6t 

12,700 

1.04 

(43) 

Pepsin B. . 

10.0 



(29) 

A. 

9.2 



(29) 

Oxytocic pressure hormone . 

8.5 

30,000 , 

1.18 

(54) 

Horse globin. 

7.5 

37,000 

1.47 

(8) 

Horse scrum albumin (McMeckin) . 

7.4 

09,000{ 

1.21 

(29) 

Horse hemoglobin (recombined) . 

7.2 

69,000 

1.23 

(8) 

Diphtheria toxin. 

7.1 

70,000 

1.22 

(41) 

Horse serum albumin (Hewitt). 

7 0 

73,000} 

1.25 

(29) 

Digested antitoxin (diphtheria) . 

6 7 

98,000 

1.14 

(41) 

Myogen. 

5.5 

150,000 

1.26 

(7) 

Catalase .' . 

5.2 



(47) 

Secalin. 

4.8 



(1) 

Horse pseudoglobulin CJI. 

4.6 

174,0001 

1.42 

(29) 

Oil. 

4.8 

170,000* 

1.39 

(29) 

Antitoxin (diphtheria). 

4.4 

150,000 

1.4 

(38) 

Horse serum albumin denatured 





by 8 M urea. 

4.1 

78,000* 

1.86 

(30) 

by 8 M guanidine hydrochloride. 

3.7 

81,000* 

2.03 

(30) 

Horse pseudoglobulin Oil denatured 





by 5.6 M guanidine hydrochloride. 

4.0 

75,000* 

1.95 

(31) 

by 8 M urea. 

3.0 

170,000* 

1.95 

(31) 

Myogen denatured by 6 M urea. 

2.7 

72,000 

3.2 

(7) 

Tomato bushy stunt virus. 

1.2 

10,000,000 

1.27 

(28) 

Calf thymus nucleohistonc. 

1.2 

2.300,000 

2.5 

(4) 

Rabbit papilloma virus. 

0.59 

47,000,000 

I L49 

(32) 

Tobacco mosaic virus. 

0.3§ 

60 ,000,0005 

2.5} 

(33) 


* Including only those data that have been reported since the publication of Svedberg 
and Pedersen's monograph (49). For previous work see Table 48 of the monograph. 

t Determined with the Tiselius electrophoresis apparatus. 

* Calculated from diffusion and viscosity data. 

§ This value is tentative, in view of the nature of the preparation employed in diffusion 
measurements, and in view of the observed diffusion anomalies. 

the results of the most important diffusion measurements that have been re¬ 
ported since the publication of Svedberg and Pedersen’s monograph (49). 
Unless otherwise indicated, the refractometric-scale method was used for these 
measurements. There are given also in this table values for the molecular 
weights and dissymmetry constants of the proteins in question. 
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IV. Applications 

The information that can be obtained from diffusion measurements on proteins 
is threefold. In the first place, the size of the protein molecules may be obtained 
directly from diffusion data if the molecules are known to be spherical in shape; 
if they are non-spherical, diffusion measurements have to be supplemented by 
some other physical or chemical method which furnishes a measure of a second 
parameter of the dimensions of the molecules. In the second place, it is possible 
to determine from changes in the diffusion rate any changes in the size or shape 
of the molecules which may have occurred as a result of chemical or physical 
reactions. Lastly, diffusion measurements yield an estimate of the degree of 
homogeneity of a protein solution. 

The relation between diffusion constant and molecular dimensions has been 
reviewed on various recent occasions (20, 25, 20, 29, 37) and need not be con¬ 
sidered here in any detail. The relation between diffusion constant and fric¬ 
tional coefficient is, generally, 


and for spherical molecules, 


where 




fo = tiirrjNr 


(50) 


(51) 


N is the Avogadro number, rj is the viscosity of the solvent, and r is the molecular 
radius. For spherical molecules, the diffusion constant is, therefore, related to 
the molecular weight by 


D = 


RT /3MFV I/3 
fiwrjN \ 47 rN ) 


(52) 


If the molecules are non-spherical, we have the relation 


and 


/ = 


M{1 - Vp) = RT 
s ' D 


M 


RTs 

D (1 - Vp) 


(53) 


(54) 


This equation is usually employed for molecular-weight determinations from 
combined diffusion and sedimentation-rate measurements. Here s is the 
sedimentation constant, V the partial specific volume of the solute, and p the 
density of the solvent. Molecular weights can also be determined from diffusion 
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measurements combined with any method which yields a value for ///o, the 
dissymmetry constant. The corresponding relation is 

m - k MW <55) 

where 

162ir 2 ») 3 N' 1 

The dissymmetry constant is related to the apparent molecular shape, as 
'expressed by the? ratio of a major to a minor axis of a prolate or oblate ellipsoid 
of revolution, by the Perrin equation; hence, any method that relates to the 
apparent molecular shape can be used, in conjunction with diffusion measure¬ 
ments, for molecular-weight determinations. It has already been pointed out 
{29) that values obtained in this manner are essentially independent of the 
degree of hydration. 

Combined diffusion and viscosity measurements have been carried out in 
this laboratory on a large number of native and denatured proteins, and the 
agreement between the values obtained in this manner and those obtained by 
other methods, such as those of osmotic pressure or combined diffusion and 
sedimentation, is rather satisfactory (29, 30, 31). Measurements of the dielec¬ 
tric dispersion or double refraction of flow (37) can also be used for an estimation 
of the molecular shape and, in combination with diffusion data, of the molecular 
weight. 

If the molecular weight of a protein is known, diffusion measurements lend 
themselves to an estimation of the dissymmetry constant, and hence of the 
apparcM molecular shape. This term has been used by us to denote the shape 
that is calculated if the influence of hydration is neglected (25). It should be 
emphasized here that it was never inferred that the influence of hydration is of a 
negligibly small order of magnitude; rather, these calculations were made merely 
to show what kind of result is obtained if the dissymmetry factor is interpreted 
solely in terms of molecular asymmetry. The estimate of about 33 per cent 
hydration made in more recent calculations (29) appears to represent a good 
approximation. The relation between hydration and molecular asymmetry 
has been considered by Kraemer (12, 13) and others (29, 37) and need not be 
discussed here. It is only in the case of spherical shape 4 that the degree of 
hydration can be estimated from diffusion data, in which case (12, 13) 



where D is the observed diffusion constant, D 0 that calculated for a spherical 
anhydrous molecule, V a the partial specific volume of the anhydrous protein, 
V\ that of the solvent, and r the amount of solvent combined with 1 g. of an¬ 
hydrous protein. This equation assumes the density of the adsorbed solvent 
to be the same as that of the liquid in bulk. 
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This approach to the general problem of the relation between diffusion con¬ 
stant and molecular dimensions contains a number of theoretical approximations 
and uncertainties which call for further attention. The brief discussion has 
been given merely to illustrate the importance of diffusion measurements for 
an estimation of the dimensions of protein molecules. 

Many of the ideas expressed in this paper have evolved as a result of dis¬ 
cussions with Dr. L. W. Nordheim of the Department of Physics, Duke Uni¬ 
versity, and with Dr. G. R. Cooper and Mr. John O. Erickson of this Depart¬ 
ment. The author is also indebted to the Rockefeller Foundation and to the 
Lederle Laboratories, Inc., for financial support which has made the work 
carried out in this laboratory possible. 
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The more important problems which arise in the determination and the interpre¬ 
tation of the acid-base titration curves of soluble proteins are reviewed. Methods 
of identifying the number and nature of the ionizing groups are considered. An 
electrostatic theory, first developed by Linderstrtfm-Lnng, is applied to the descrip¬ 
tion of the shapes of the curves and to the effect of electrolytes on them. Certain 
deductions from the theory are outlined. 

I. INTRODUCTION 

The reaction of a protein with a strong acid or base may be described most 
comprehensively by a curve having the qualities of a dissociation curve. This 
curve expresses the relation between the pH of a solution of the protein and a 
quantity, which we will call /?, and which is generally described as the amount of 
acid or base “bound” to the protein. A series of reaction mixtures are prepared, 
containing a fixed quantity of protein and varying quantities of a strong acid or 
base. The pH of each mixture is determined with the aid of an appropriate 
electrode. The acid or base bound to the protein is computed by subtracting 
the amount of free hydrogen ion or hydroxide ion in each solution from the 
amount of acid or base which had been added. We will adopt the convention 
that h shall be a positive quantity when acid is bound and negative when base 
is combined. It is the purpose of this paper to discuss the type of information 
which may be derived from a study of the dissociation curves of soluble proteins 
and of the effect on them of a number of variables. Some preliminary remarks 
on the question of standard methods of recording the basic data may be ap¬ 
propriate. 


ii. the pH scale 

The limitations of the pH scale as a scale for the measurement of the relative 
acidities of acid-base systems are well known. However, there is available no 
other type of measurement which is comparable in scope and flexibility. In tin? 
study of proteins we certainly cannot yet dispense with the pH scale if we are to 
attempt any consistent correlation of the rapidly accumulating mass of physical 
and chemical observations on protein solutions. It is proper, therefore, that 
the reactions of proteins with acids and bases should be described in terms of pH. 
It is desirable, however, that the scale adopted should be in as close accord with 
thermodynamic quantities as may be conveniently realizable. 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry at the 102nd Meeting of the American Chemical 
Society, Atlantic City, New Jersey, September 8-12,1941. 
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Two different methods have been advocated for the standardization of the 
hydrogen-calomel cell. Both seek to establish equality in the ideal relation, 
pH = —log an*, by the assignment of an appropriate value to the potential 
of the reference electrode. In the simpler method, liquid-junction potentials 
are assumed to be constant and are implicitly incorporated in the standard * 
potential of the reference electrode?. The latter is so chosen as to give, for a 
standard buffer solution of a weak acid, a pH consistent with the thermodynamic 
dissociation constant of the acid. Maclnnes (19) and others (13) have recently 
discussed the values of pH which should be assigned to several popular buffer 
standards. Their recommendations are, undoubtedly, satisfactory when under¬ 
taking pH measurements of solutions of weak electrolytes comparable in con¬ 
centration and in electrolyte pattern with the buffer solution which was chosen 
as the standard. They admittedly fail in the presence of important concen¬ 
trations of hydrogen ion and hydroxide ion and, in general, at high ionic strength. 
In such situations a more laborious procedure has theoretical advantages. In 
this method, explicit allowance is made for the difference between the potentials 
of the liquid junction at the standard buffer and at the unknown solution. This 
is done by subtracting, from the observed potentials of the cell, liquid-junction 
potentials calculated with the aid of Henderson’s equation. The limitations of 
this equation are admitted. Because this correction is made, the values which 
are assigned to the standard buffer solutions (11) differ somewhat from those 
which should be used when liquid-junction potentials are ignored. This method 
has found favor in studies involving the comparison of pH measurements made 
at a wide range of ionic strengths. However, there are definite advantages in 
the adoption of a common practice by all observers. It is suggested, therefore, 
that all pH measurements should be computed and recorded on the basis of an 
approved standard, with neglect of liquid-junction potentials. Explicit correc¬ 
tion for the latter may then be made by the observer for his own purposes. In 
the meantime, until a common standard shall have become general, it is desirable 
that the method adopted in precise studies should always be stated and that the 
method of establishing the liquid junction should also be given. The purity of 
protein preparations and the reproducibility of the potentials of their solutions 
are such as to justify this refinement of definition. 

III. THE ISOIONIC POINT 

The logical point of origin of the scale of h values is the isoionic point (p/.), 
as defined by Sprensen, Linderstrdm-Lang, and Lund (29), rather than the 
isoelectric point (p/«) derived from measurements of electrophoretic mobilities 
or of membrane potentials. The isoelectric point corresponds with the pH at 
which the net charge is zero, i.e., the number of positive charges on the protein 
molecule is equal to the number of negative charges. The isoionic point, on the 
other hand, is the pH at which the number of protons combined on the basic 
groups is equal to the number dissociated from the acidic groups. 2 The isoelectric 

*The word “groups’* is here understood to refer to uncharged groups such as COOH, 
NIL etc. 
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and isoionic points are identical only if the protein combines 3 with no ions other 
than hydrogen ion. In many cases, the value of pJ, may readily be determined 
without ambiguity. Proteins, such as the globulins, which are prepared by 
spontaneous precipitation from substantially salt-free solutions probably con¬ 
tain insignificant amounts of non-protcin ions. The pH of a solution of such a 
preparation will be practically identical with pf„ provided (a) the latter falls 
within the approximate limits of pH 4.5 and 9.5, ( b ) the concentration of pro¬ 
tein is not less than 1 per cent, and (c) the concentration of salt is low. If p/, 
has more extreme values than those indicated, it may be determined in the 
following way: A series of dilute solutions of a strong acid or base an* prepared 
and their pH values are determined. A solution of the pure protein is added to 
each and the pH is redetermined. Observations are continued until a solution 
is found the pH of which is unaffected by addition of the protein. This pH 
may be identified with the isoionic point, since it may be assumed that there 
has been no combination of the protein with the anion of the acid, or with the 
cation of the base, at the very low concentrations in which these arc present. 

Proteins, such as the albumins, which are prepared by salting-out procedures 
may be far removed from the isoionic condition. Solutions of these preparations 
often retain some diffusible ions even after protracted dialysis. In this situ¬ 
ation one may resort to electrodialysis or may adopt the method of Sprensen 
(29) and of Sandor (26). The solution of the protein -assuming that p/» is 
below 7—is dialyzed against a dilute solution of ammonia until all diffusible 
anions have been removed and all cations have presumably been replaced by 
ammonium ion. The quantity of the latter is determined analytically, an 
equivalent of strong acid is added, and the pll of the solution is determined. 
This is identified with p 

Isoionic points may also be located on the dissociation curves by comparing 
the curves for different concentrations of protein. Provided the solutions 
contain few diffusible ions, the slopes of the curves will vary with the concentra¬ 
tion of protein but will all intersect at p/< ( cf . table 3). It has been suggested 
that the isoionic point should also be independent of salt concentration. This 
view received much support from the observation (29) that the curves of egg 
albumin in solutions of ammonium chloride (0.05- 3 M) all intersected at p/*. 
Unfortunately the situation is not general. It does seem to be true that p/* 
is less sensitive than p/, to changes in salt content, but definite effects have been 
observed in some cases (4) at concentrations of potassium chloride and of other 
salts exceeding 0.1 M. The change in apparent isoionic point depends on the 
nature both of the salt and of the protein. 

IV. THE CALCULATION OF h 

When h is measured from p/„ it represents the difference between the amount 
of acid or base which must be added to a protein solution to bring it from p/» 

# The anions or cations which establish electrical neutrality with the protein ions are 
sometimes loosely described as “bound” to the protein. This, of course, is not to be con¬ 
fused with the binding referred to here, as a result of which the charge on the protein is 
modified in proportion to the number of ions bound. 
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to the final pH and the amount of free hydrogen ion or hydroxide ion appearing 
in the process. The latter is usually determined by measuring the amount of 
acid or base which must be added to the same quantity of protein-free solvent to 
effect the same change in pH. The protein-free solution should simulate the 
electrolyte content of the solution of protein as closely as possible. This pro¬ 
cedure involves the assumption that the protein ions do not significantly affect 
7 h+ or the liquid-junction potential. Errors due to failure of these assumptions 
are likely to be smaller in solutions containing moderate amounts of a neutral 
uni-univalent electrolyte than in those which contain protein and acid or base 
alone. Over the greater part of the dissociation curve, [H + ] and [OH~] are 
small, relative to the acid or base added, and small errors in the values assigned 
to them do not significantly affect the absolute values of h. At extremes of pH, 
on the other hand, h becomes a small difference between two large quantities 
and cannot be evaluated accurately. This is one of the considerations which 
fix the dependable limits of titration of dilute solutions of proteins at about pH 
1.5 and 12. Unfortunately, maximum acid- and base-binding capacities of pro¬ 
teins are attained only in these limiting regions. It has been our experience that 
the most reproducible observations at the extremities of the curves are obtained 
with solutions containing high concentrations of both protein and potassium 
chloride. 

Values of h are usually recorded in equivalents per gram of protein, although 
it may sometimes be appropriate to /express them in terms of some acceptable 
molecular weight of the protein. Now, experimental values of the weight of dry 
protein and of protein nitrogen in a solution are known to depend, in some 
degree, upon the method of determination. It is important, therefore, that the 
method of determining the protein content of solutions should be stated. 

V. THE NATURE OF THE REACTION OF FROTEIN WITH ACID AND BASE 

Irreversible reactions 

All proteins are irreversibly affected by a sufficient concentration of hydrogen 
ion or of hydroxide ion. Some proteins, such as hemoglobin, are denatured 
rapidly at pH values not far removed from the isoionic point. Others appear to 
react reversibly with acid or base over a range of pH which may extend from 1.5 
to 11 or 12. Donaturation by acid or alkali is generally associated with the 
formation of a product a metaprotein—insoluble in the isoelectric region, but 
the chemical changes involved are not known. They probably vary from pro¬ 
tein to protein. In some cases there is evidence of a change in the number of 
acid- and base-binding groups. Now, some denaturation is to be anticipated 
at the extremes of pH at which maximum combining capacities are measured. 
It is evident that the results obtained cannot be taken to correspond with the 
numbers of ionizing groups in the original protein, unless irreversible reactions 
with hydrogen ion or hydroxide ion have been excluded. 

As evidence of the reversibility of the reactions with acid and base, it has 
often been held sufficient to demonstrate that the potentials observed showed no 
consistent drifts with time. It is advisable also to show that a solution, after 
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submission to an extreme pH, retraces an unmodified curve when titrated back 
to p/». This serves, also, to disclose the presence of any metaprotein. In 
critical situations it may be desirable to show that the protein has suffered no 
change in some characteristic physical or biological property. On the other 
hand, such tests may be unduly severe. Many changes in the physical and 
biological characteristics of proteins are accompanied by no demonstrable change 
in amphoteric properties. 

Too much confidence should not be placed in the absence of drifting potentials. 
In well-buffered regions significant changes in dissociation may not reveal them¬ 
selves in noticeable drifts. Moreover, the rate of denaturation may vary with 
a high power of [II+] or [OH - ]. In such case, a small addition of acid or base 
may be sufficient to carry the solution from a pH at which the rate is very small 
to one at which the reaction is complete in the period allowed for establishment 
of equilibrium at the electrode. It would, then, only be by chance that a re¬ 
action mixture would be encountered in which the irreversible reaction was 
proceeding at such a rate as to give a persistent drift of potential. In a study (25) 
of the denaturation of crystalline egg albumin by sodium hydroxide at 25°0., 
it was found that the reaction followed a roughly bimolecular course, the rate of 
which was proportional to [OH - ] 4 . At initial pH values of 12.50, 12.33, 12.02, 
and 11.84, it required 3 min., 15 min., 4.5 hr., and 20 hr., respectively, to de¬ 
nature 33 per cent of the protein. The pH fell steadily during the reaction. 
Dissociation curves of solutions of the partially and completely denatured 
protein showed that the curve, above pi I 8, was progressively displaced from 
that of the native protein as denaturation proceeded. The changes were con¬ 
sistent with a liberation of weak acid groups, but were not due to carbon dioxide 
or other diffusible acids. It may be added that similar studies of the denatura¬ 
tion of egg albumin in dilute hydrochloric acid led to the conclusion that this re¬ 
action was accompanied by little, if any, change in acid-binding capacity. 

Reversible reactions 

It is customary to assume that the reversible reaction of proteins with acids 
and bases is entirely a process of proton transfer. If so, we may expect h to be 
identical with the net charge and p/, with p/«. There are, however, well- 
established cases in which the isoelectric and isoionic points differ materially 
from one another. In some cases p I e has been shown to be very sensitive to 
ionic strength and to the nature of the ions present (32). These effects may be 
interpreted either as the result of a combination of the protein with specific ions 
or on certain rather elusive assumptions respecting the individual activity co¬ 
efficients of the variously charged protein ions which constitute the isoionic 
assembly of ions (28). Observations of the osmotic pressures, membrane po¬ 
tentials (1), and silver chloride electrode potentials (12) of protein solutions 
have also been held to be consistent with the specific combination of protein 
with simple ions 4 such as Cl~, C 2 HSO 2 ", and H 2 PC> 4 “. If such combination 

4 Striking specific anion effects have been observed in the reaction of insoluble proteins 
with acids (30). 
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does occur, it is presumably an ion association such as that discussed by Bjerrum 
(3). In so far as the interpretation of dissociation curves is concerned, it will be 
sufficient, for the present, to acknowledge that combination with ions other than 
hydrogen ion will affect the relation of h to the net charge and, presumably, will 
modify the slopes of the curves. On the other hand, it will not affect deductions 
which are based on the identification of stoichiometric points on the curves and 
which lead to estimates of the number and nature of the ionizing groups in the 
protein. In the discussion which follows, h will be identified with the charge on 
the protein, leaving open the question whether such anomalies as arise may be 
ascribed to specific ion combination. 

VI. CHARACTERISTICS OF THE DISSOCIATION CURVES OF PROTEINS 

Many examples of dissociation curves of proteins may be found in the litera¬ 
ture (6). The proteins the curves of which have been studied most intensively 
arc gelatin, casein, edestin, hemoglobin, egg albumin, /3-lactoglobulin, and clu- 
pein. Clupein (24) is a very interesting but atypical protein. The work on 
hemoglobin is distinctive, not only as a contribution to the chemistry of the 
reaction of hemoglobin with oxygen (35), but also because it included the first 
careful study of the effect of temperature on the dissociation curve of a protein 
(34). The investigations on gelatin, casein, and edestin are notable for the fact 
that the acid-combining capacities were checked by observations employing a 
cell without liquid junction (12). The properties of many of the proteins men¬ 
tioned make them unsuitable for investigation over the wide range of conditions 
to which the method of titration is adaptable. Egg albumin (4) and 0-lacto- 
globulin (5) have proved to be more satisfactory proteins for a study of the 
characteristics of dissociation curves. They are both reproducible crystalline 
products, the solutions of which exhibit some, at least, of the criteria of molecu¬ 
lar homogeneity. They are soluble over the whole experimental pH range and 
appear to react reversibly over the greater part of it. Many of their physical 
properties have been investigated as a function of pH—in particular, their 
electrophoretic mobilities. Since the latter are, so obviously, a function of 
charge, the relation of mobility to h is of great interest (5, 18). 

The curves of individual proteins have much in common. Indeed, they differ 
only in the relative slope and span of specific regions of the curves. These differ¬ 
ences are believed to reflect differences in the relative numbers of certain types 
of ionizing groups in the individual proteins. The curves in figure 1 will serve 
to illustrate some of the characteristics which will be discussed in this paper. 
The very considerable effect of [KC1] on the slope of the curve, which is seen in 
the figure, will be discussed in a later section. In the main, the change in slope 
seems to be a function of ionic strength, although small specific ion effects have 
been observed (4). Two well-defined inflexions are evident in the curves of 
figure 1. Their positions on the /i-axis are independent of /u. One occurs at low 
pH and corresponds to the establishment of a definite maximum cation charge 
(maximum acid-binding capacity). A second is observed in the neighborhood 
of pH 8.5. The curves of some proteins are almost horizontal in this region. 
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In others there is no clear end point, but the value of h at the point of minimum 
slope can still be determined with fair precision. There have been many at¬ 
tempts to establish experimental values for the maximum anion charge at high 
pH. The curves of 0-lactoglobulin and of some other proteins do appear to be 
approaching an end point somewhere beyond pH 12. However, they certainly 
do not attain it within the zone of reversibility of the curves, nor, indeed, at a 
pH at which dependable values of h may be computed. We are doubtful if 
measurements of the maximum base bound by proteins may be accepted with the 
same confidence as those of the maximum acid-combining capacities. 



Fig. 1. Dissociation curves of /3-lactoglobulin. Curve A, 0.019 M potassium chloride, 
0.5 per cent protein; curve B, 0.135 M potassium chloride, 0.5 per cent protein; curve C, 
0.67 M potassium chloride, 0.5 per cent protein; curve D, 1 M formaldehyde, 2 per cent 
protein. 

The stoichiometric point near pH 8.5 has been confirmed and a new one, close 
to pH 6, has been revealed in studies of the effects of temperature on dissociation 
curves. Wyman (34) found that the displacement with temperature, ApH/A£, 
of the curve of hemoglobin was discontinuous. The curve relating ApH/A£ to 
pHtt® showed a sharp inflexion close to pH 8.5 and another near pH 5.5. A simi¬ 
lar situation has been observed in the curves of all other proteins the temperature 
coefficients of which have been examined. In the curves of cytochrome c (31) 
the inflexions appear at about the same levels as in hemoglobin. In /Macto- 
globulin, hen albumin, and duck albumin the lower point is close to pH 6.5. 
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When the titrations of a protein are performed in solutions containing formal¬ 
dehyde (1-8 per cent), the shape of the curve is greatly modified (figure 1). 
Above pH 5, the values of — h rise progressively above those found in the ab¬ 
sence of the aldehyde, until the curve attains a maximum at about pH 8.5. 
Thereafter it may remain horizontal up to pH 11, which is the feasible limit of 
titration in the presence of formaldehyde. An analysis of the curves has shown 
(14) that the formaldehyde has displaced a definite segment of the curve from 
the region of pH 10 to about pH 7. This segment is believed to correspond with 
the free amino groups of the protein. 

Other devices for isolating definite segments of a curve have been useful in 
special cases. The maximum cation charge of a prolamine has been determined 
by titration in 80 per cent alcohol (8). Titrations of iodized (21) and of deami¬ 
nized (10) proteins have also been illuminating. 

VII. THE ACIDIC AND BASIC GROUPS OF PROTEINS 

In table 1 are listed the acidic and basic groups the presence of which in the 
protein molecule may be anticipated from our knowledge of the composition and 
structure of proteins. The majority of these groups are those which occur in 
the side chains of the trivalent amino acids, the names of which are given in the 
table. In addition to these, such a-amino and a-carboxyl groups as are not com¬ 
bined in peptide or amide linkage will contribute to the dissociation of the pro¬ 
tein. In a simple polypeptide, one pair of alpha groups will remain free. If, 
however, the polypeptide contains cystine, additional alpha groups will be 
present. Their number will depend on whether the disulfide links occur in a 
single peptide chain or as cross linkages between two or more chains. In general, 
any departure from a simple peptide structure may liberate additional alpha 
groups. Finally, the possible presence of ionizing groups in the non-protein 
constituent of a complex protein must always be considered. Estimates of the 
values of the logarithm of the intrinsic dissociation constant, pK 0 , and of the 
temperature coefficient of this constant, Ap K' 0 (At = 10°C.), are included in 
table 1. These are based upon the dissociation constants (7) and heats of disso¬ 
ciation (34) of simple molecules containing the group to which they refer. The 
intrinsic dissociation constant of a group may be taken to represent the constant 
of an isolated representative of that group in the absence of interaction with other 
charges on the molecule. 

Let us assume that the magnitudes quoted in table 1 do represent, in a general 
way, the acid-base characteristics of the ionizing groups of proteins. The disso¬ 
ciation of a protein may, then, be expected to be concentrated in three zones 
centered about the pH values 4, 7, and 10-12, respectively, and significant 
changes in ApH/A t should be observed on passing from one zone to the next. 
The discontinuities in the temperature coefficients of the experimental curves are 
entirely consistent with these anticipations, and the sharpness with which 
ApH/A t has been observed to change in the regions of the two transition points 
suggests that there is no serious overlapping of adjacent zones. The actual ex¬ 
perimental values of ApH/A£ indicate that the segment of the curve which lies 
below pH 6 must be due almost entirely to the dissociation of carboxyl groups, 
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the segment between pH 6 and 8.5 chiefly to that of imidazole groups, and the 
arm of the curve immediately above pH 8.5 to that of amino groups. Theoreti¬ 
cally, a-amino groups should also contribute to the central region of the curve, 
and the alkaline segment should be a composite of the contributions of the amino, 
guanidine,phenolic, and sulfhydryl groups. The guanidine groups, however, are 
so strongly basic 6 that they should exist entirely as cations below pH 11. Their 
only effect on the curve will be the addition of a fixed positive charge to the net 
charge which is measured by h . There is evidence, also, that the phenolic groups 
of proteins do not dissociate much below pH 11. The dissociation curves of 
several proteins containing considerable amounts of tyrosine have been deter¬ 
mined in the presence of formaldehyde. They are almost horizontal from pH 
8.5 to 11. That is to say, no buffering remains in this region after that of the 
amino groups has been removed by reaction with formaldehyde. Since phenolic 
groups are unlikely to be completely dissociated below pH 8.5, we may conclude 


TABLE 1 

Ionizing groups of proteins 


GROUP 

AMINO ACID 

pjfo 

O' | 

Ap K' 

(A/ - 10°) 




calories 


a-Carboxyl. 


3.5 

o 

0 



Carboxyl.j 

Aspartic acid 
Glutamic acid 

4.0 

0 I 

0 

Imidazole. 

Histidine 

7.0 

7,000 

—0.17 

a-Amino. 

8.0 

10,500 

-0.26 

Amino. 

Lysine 

Tyrosine 

Cysteine 

Arginine 

10.0 

10,500 

-0.26 

Phenolic. 

10.0 

6,000 

-0.15 

Sulfhydryl. 

10.0 

? 

? 

Guanidine. 

12.5 

12,500 

-0.31 





that they contribute nothing to the curve or to the charge below pH 11 ( cf . 21). 
The situation with respect to sulfhydryl groups is obscure. It is probable that 
most soluble proteins contain few, if any, active SH groups. When they do 
occur it is likely that they will be found to behave as weak acids similar in 
strength to the phenolic groups. This leaves only the carboxyl, amino, and 
imidazole groups to determine the whole sweep of the curve between pH 2 and 
pH 11. The span of the curve from the end point at low pH to the first transi¬ 
tion point close to pH 6 should correspond with the number of carboxyl groups, 
and the span between this point and the point of inflexion near pH 8.5 with the 
number of imidazole groups 6 . The number of amino groups can also be deter- 

8 Simms (27) has suggested that arginine may be present in some proteins as a cyclic 
structure—prearginine—in which the guanidine group is replaced by a weakly basic group. 
The suggestion was made in order to reconcile the dissociation curves of edestin and of 
gelatin with analyses of the amino acids which they contained. No chemical evidence for 
the existence of such a structure has yet appeared. 

6 Some justification will be given later for ignoring the possibility that a-amino groups 
may contribute to the imidazole span. 
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mined with the aid of dissociation curves of the protein in solutions of formalde¬ 
hyde. Since the sum of the amino, imidazole, and guanidine groups should be 
equal to the maximum cation charge, the number of guanidine groups can be ob¬ 
tained by difference. 

The significance of a series of differential titrations, such as those which have 
been outlined, depends upon the precision with which the several end points can 
be located on the /i-axis of the curves. Expressed in terms of a protein with a 
molecular weight of about 40,000, we believe that the probable error in fixing a 
particular point should not exceed 1 equivalent. Proteins of this size may con¬ 
tain more than 100 ionizing groups and, consequently, the over-all error is small. 
The error, however, is greatly magnified if it is concentrated in the estimate of a 
group, such as the imidazole group, which is usually present in proteins in small 
amount. 

There have been many attempts to interpret the curves of proteins in terms of 
their constituent amino acids (6, 21, 22). The majority of these have been con¬ 
tent to show that there is a similarity between the total basic amino acids present 
and the maximum acid-combining capacity. The more detailed analysis de¬ 
scribed above has, as yet, been applied only to egg albumin and to /3-lactoglobu- 
lin. In both cases there is quite satisfactory agreement between the numbers of 
imidazole and guanidine groups in the intact protein and the moles of histidine 
and of arginine, respectively, which have been isolated from hydrolysates of the 
proteins. The numbers of titratable amino groups, however, exceed by 20 to 
50 per cent the amounts of lysine isolated from the proteins. Moreover, the 
titratable carboxyl groups of egg albumin also exceed by 50 per cent the groups 
which would correspond 7 with the amounts of the dicarboxylic acids which have 
been isolated. No determinations of the dicarboxylic acids of 0-lactoglobulin are 
available for comparison with the titrations. In considering these discrepancies 
it is significant that the amino groups measured by titration have been found to 
be equal to the groups in the intact protein which yield nitrogen with nitrous 
acid. Furthermore, we have recently obtained evidence (15) that the dicarbox¬ 
ylic acids present in a crude fraction of the hydrolysates of pure egg albumin greatly 
exceed the amounts of these acids which have been isolated from the hydrolyzed 
protein. Indeed, the amounts which are present in this fraction are almost 
sufficient to account for the titratable carboxyl groups of the native protein. It 
is our belief that the discrepancies which have been referred to are due, in the 
main, to incomplete isolation of the acidic and basic amino acids. Theorell and 
Akesson (31) have suggested that the excess of free amino groups may represent 
a-amino groups. This may be the situation in some cases, but we doubt if more 
than one or two of these groups are present in egg albumin or in /3-lactoglobulin. 
Typical a-amino groups should make their contribution to the dissociation curve 
close to pH 8. This is precisely the region which, in many proteins, is almost 
horizontal. When, moreover, imidazole groups are measured by titration be¬ 
tween the two transition points, the major proportion of the a-amino groups 

7 It is assumed that the free carboxyl groups are equal to the difference between the total 
dicarboxylic acids and the amide groups. 
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should be included and the titration should exceed the histidine content corre¬ 
spondingly. This discrepancy has not been observed. The alternative is to 
assume that such a-amino groups as are present are atypical in that they do not 
contribute to the curve below pH 9. In that case there is no way in which they 
may be distinguished from the amino groups of the lysine side chains. Dicar- 
boxylic and diamino acids other than those listed in table 1—e.g., hydroxyglu- 
tamic acid and hydroxylysine (33)—may be partly responsible for the discrepancies 
to which we have drawn attention. However, the evidence available at present 
suggests that the distribution of these amino acids in proteins is limited. 

VIII. THEORETICAL DISSOCIATION CURVES 

The dissociation curve of a polyvalent ampholyte can, as von Muralt (20) has 
pointed out, be simulated by that of an appropriate mixture of univalent acids. 
A number of reconstructions of protein curves have been made on this principle 
(7, 9). There is, however, considerable latitude in the choice of the number of 
different univalent acids which shall be employed, the proportions in which they 
shall be mixed, and the dissociation constants which shall be assigned to them. 
The choices made in a successful reconstruction, therefore, bear no necessary 
relation to the ionizing groups in the protein. Moreover, this method of analysis 
affords no rational basis for a description of the important effect of ionic strength 
on the shape of the curve. A more promising approach is that first outlined by 
Linderstrpm-Lang (17). He derived equations for a hypothetical polyvalent 
ampholyte which were particularly designed to describe the effect of m on the dis¬ 
sociation of a protein. Unfortunately, data adequate for a comprehensive test 
of the usefulness of the theory were not available at the time that it was devel¬ 
oped. Quite recently the argument has been adapted and applied to the 
dissociation curves of egg albumin and of 0-lactoglobulin (4, 5) and some aspects 
of the theory have been reexamined by Kirkwood (16). 

Linderstrpm-Lang based his treatment on Bjerrum’s theory (2) of electrostatic 
interaction in the dissociation of polyvalent acids and on the Debye-Hvickei 
theory of interaction with the ion atmosphere. In the application of these 
theories to proteins, some simplifying assumptions are made. These are as fol¬ 
lows: (a) that the protein molecule may be regarded as a sphere, of radius r, on 
the surface of which there is a random distribution of the charged groups; ( b ) 
that all groups of a kind may be described by a single intrinsic dissociation con¬ 
stant, K 0 ; and (c) that the several values of Kq , corresponding to the several kinds 
of ionizing groups, are such that the dissociations of the different kinds of groups 
do not significantly overlap. 

In Kirkwood’s treatment the latter assumption is not made. It is, however, a 
condition which seems to be approximately met in the dissociation of proteins 
and will be adopted in the discussion which follows. Its adoption allows the 
dissociation of each kind of group to be treated separately, as that of a symmetri¬ 
cal polyvalent acid. The separate curves may then be combined in a single curve 
which will deviate only slightly from the theoretical curve in those narrow 
regions in which significant overlapping occurs. 
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Let there be m acid groups of the “A” kind in a protein molecule and let the 
charge on the molecule be (n — x ), when x protons have dissociated from the “A” 
groups. The dissociation of the m protons may be described by m constants 
( K '), which are related to the m dissociation constants ( K) as follows: 

K x = &h + * [P n —*]/[P n—x+i], = K x -y n -. x +i/y n ~ x (1) 

where [P] represents the concentration and y the activity coefficient of the pro¬ 
tein ion the charge of which is denoted by the subscript. 

On the basis of Bjerrum’s theory of the dissociation of polyvalent acids, we 
may define K x in terms of Ko and a quantity b = e 2 /2trkT , in which e is the 
charge on the electron, c is the dielectric constant, k is the molecular gas constant, 
and T is the absolute temperature. The exact relation depends on whether the 
acid groups of the “A” kind are uncharged or are positively charged. For an 
uncharged acid group, e.g., COOH, we have 

K x = Ko'e b{n ~ x + l) • (m - x + \)/x (2) 

and for a positively charged acid, e.g., NH^, 

K x = K 0 -e mn - 9) -(m - x + l)/x (3) 


The Debye-Huckel expression for the activity coefficient of a polyvalent ion 
is now introduced to provide a relation between K x and K x . We have 


— In 7i = 


2 AT 


K 

1 + Kd 


(4) 


7n _* = and l^± l = 6 2(n-x+0.5) In71 ( 5 ) 

Tn —x 

k being the thickness of the ion atmosphere and a the distance of closest approach 
of the ions of the atmosphere to the protein ion. Introducing equation 5 into 
equation 1 and combining with equations 2 and 3, we have 

K' x = Kl- e 2 “ (n ~* +0 - 6) .(«_* + 1 )/* (6) 

which, on conversion to common logarithms, becomes 

p K x = p K° 0 — 0.868w(/i — x + 0.5) — log ——~—- (6a) 

x 

In equations 6 and 6a, 

K° 0 = K 0 e ±b 

t+ !„„, = i,[l - _51_] (7, 

The sign of the exponent in equation 7 is plus for the case of an uncharged 
acid group, and minus for the case of a positively charged acid group. 8 

8 In the paper on egg albumin (4) this distinction was not made; consequently, the ko 
of that paper, in the case on carboxyl groups, differs from the K 0 defined above. On the 
other hand, k f 0 and Kl are identical constants. 
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The m constants defined by equation 6a are symmetrically distributed 

about their mean, which is identical with p K'm+j. and with the mid-point of 

2 

the dissociation curve (pH mid ). 

m 

E P K/m = p K° 0 - 0.868u>(n - m/2 ) = pH mid . (8) 

x—1 

Let C p be the bulk concentration of protein. The m equations jl may be 
combined to give 

[Pn—a] = K[K* 

° P a£* + E K[ Kt • • • K' t ■<%? (9) 

Zal 

and 


na h + + E (» - x)K[K' t • • ■ K.' z -<h{? 

h =-^=L_- (10) 

a^+UKlK* ••• A^-aST 1 

When m and n are known, data for the construction of a theoretical curve cor¬ 
responding to selected values of K? and w may be computed by introducing 
equation 6 into equation 10 and solving for h at a suitable range of values of pH. 
Now the values of w which are compatible with the sizes of protein molecules are 
quite limited. If we take 20 A. to represent a minimum radius and set c equal 
to the dielectric constant of water, then the value of w, at n = 0, will be about 
0.17. As m increases, w diminishes and approaches zero at high ionic strength. 
For values of w of this order, the curves are smooth and are practically linear in 
the region of the mid-point. Linderstrpm-Lang (17) has derived an expression 
for this limiting slope which may be written as 

-ApH/A h = 0.868(w + 2/m) (11) 

Equation 11 provides a convenient graphic method of obtaining a value for w 
from any well-defined segment of an experimental curve, i.e., a segment corre¬ 
sponding with a fairly large value of m. The mid-point, pH mid , of the segment 
can be identified with the point at which h = n — m/2. By introducing this into 
equation 8, a value for Xq ma Y be obtained. In this way, ail quantities necessary 
for the solution of equations 6 and 10 are made available, and a comparison can 
be made of the experimental curve with the theoretical curve which corresponds 
with these experimental values of K%, w, m, and n. This procedure has been 
applied to the curves of egg albumin and of /3-lactoglobulin. Only the carboxyl 
regions of the curves are sufficiently broad to permit a full analysis. It has been 
found that a single value, of w does suffice to describe practically the whole span 
of dissociation of the carboxyl groups at constant m- Moreover, w has been found 
to vary with ju in a manner qualitatively consistent with the theory. However, 
the values of w which best described the curves were all somewhat smaller than 
the values calculated from equation 7, employing e = 78 and computing r from 
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the diffusion constant of the protein. The ratio of w (theory) to w (found) was 
about 1.25 for egg albumin and between 1.05 and 1.1 for 0-lactoglobulin. So 
many dubious assumptions are involved in the calculation of w that larger dis¬ 
crepancies than those found might well have been anticipated. 

The values of w which were found to describe the dissociation of the carboxyl 
groups were used to calculate theoretical curves for the imidazole and amino 
groups of the two proteins. In the case of egg albumin they did fit the experi¬ 
mental curves quite satisfactorily. The theory, however, failed to account for 
the slopes and positions of the amino segments of the curves of /3-lactoglobulin. 
The values of pK 0 which were found to apply to egg albumin were 4.2 (car¬ 
boxyl), 6.7 (imidazole), and 10.0 (amino), while those of j9-lactoglobulin were 
4.5 (carboxyl) and 6.7 (imidazole). 

IX. AN APPROXIMATION TO EQUATIONS 6 AND 10 

The computations involved in the solution of equation 10 are so tedious that 
we have sought a simpler relation which would approximate equation 10 for a 
representative range of values of w and m. Now, when w = 0, the curve ob¬ 
tained (c/. 20) is identical with that of m equivalents of a univalent acid for 
which K = K%. That is to say, if a represents the fraction of the m groups which 
have dissociated a proton, then 

pH = p K° 0 ~ log (1 - a)/a (12) 

A series of curves for a range of positive values of w and a fixed value of m were 
then constructed from equation 10. When these were compared with the curve 
for equation 12, it was found that they were displaced from it by an amount 
approximately equal to 0.868 wh. That is to say, 

pH = p/CS — log (1 — ol)/ol — OMSwh (13) 

» 

That this relation should hold in the linear segments of the curve is implicit 
in equation 11. It was encouraging to find that it applied with fair precision 
over the whole course of a family of curves corresponding to a range of values of 
w wider than that to be expected in proteins. 

At the mid-point (pH mid ) of the curves, a = 0.5. Consequently, since a = 
(n — h)/m, 

pH mid . = pKo — 0.858w(n — 0.5m) 

and 


pH = pH mid . - log (1 - a)/a - 0.868itwi(a - 0.5) (14) 

According to equation 14, the slope of the curve relating pH to a should be 
uniquely determined by the value of the product wm. This offers a simple means 
of exploring the magnitude of the deviations of the approximate equation 14 
from equation 10. The situation is illustrated in table 2, wherein the true values 
of a at constant wm, but variable m, are compared with the corresponding values, 
a', calculated from equation 14. It will be seen that a' approximates more and 
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more closely to a as m increases. However, as is seen in the last column, when 
the deviations are expressed in equivalents rather than in terms of a, they are 
substantially independent of m. Moreover they exceed 0.1 equivalent at no 
point on the curves. It is doubtful if the experimental points on the curve of 
a protein can be reproduced with a smaller probable error than this. 

TABLE 2 

Comparison of equations 10 and 14 
pK° 0 = 4.00; n = m/2 


wm «• 2.82 


m . 

4 

6 

10 

20 

50 

a' 

(equation 14) 

m(a — a') 

w . 

0.705 

0.470 

0.282 

0.141 

0.0564 

pH 

! 

« (EQUATIONS 6 AND 10) 

4.00 

0.500 

0.500 

0.500 

0.500 

0.500 

0.500 


4.3 

0.576 

0.574 

0.573 

0.572 

0.572 

0.571 

0.02 

4.6 

0.651 

0.648 

0.645 

0.643 

0.642 

0.642 

0 04 

4.9 

0.723 

0.718 

0.715 

0.712 

0.710 

0.709 

0.06 

5.2 

0.794 

0.786 

0.781 

0.776 

0.774 

0.773 

0.08 

5.5 

0.852 

0.845 

0.839 

0.835 

0.832 

0.831 

0.08 

5.8 

0.907 

0.897 

0.890 

0.885 

0.882 

0.881 

0.09 

6.1 

0.944 

0.937 

0.930 

0.925 

0.923 

0.921 

0.09 

6.4 

0.970 

0.964 

0.961 

0.957 

0.954 

0.952 

0.08 

6.7 

0.986 

0.981 

0.977 

0.975 

0.973 

0.972 

0.05 


wm « 1.212 


w . 

0.303 

0.202 

0.1212 

0.0606 

0.0242 

a' 

m(d - a') 

pH 

a 

4.3 

0.614 

0.611 

0.609 

0.607 

0.606 

0.606 

0.03 

4.6 

0.720 

0.715 

0.712 

0.709 

0.707 

0.707 

0.05 

4.9 

0.811 

0.806 

0.802 

0.799 

0.797 

0.796 

0.06 

5.2 

0.885 

0.878 

0.874 

0.870 

0.867 

0.867 

0.07 

5.5 

0.933 

0.929 

0.926 

0.922 

0.921 

0.920 

0.05 

5.8 

0.964 

0.961 

0.958 

0.956 

0.955 

0.954 

0.04 

6.1 

0.983 

0.980 

0.978 

0.976 

0.976 

0.975 

0.03 

6.4 

0.992 

0.990 

0.989 

0.988 

0.987 

0.987 

0.02 


X. SOME DEDUCTIONS FROM THE THEORY 

A problem of some interest is that of the effect of molecular size on the disso¬ 
ciation curve of protein. This may be approached by considering how the 
polymerization of a protein would be reflected in equation 14. The value of m 
would, obviously, increase in proportion to the increase in molecular weight. 
On the other hand, w varies with l/(r + *r 2 ), assuming that a = r. Conse¬ 
quently, wm will be proportional to r 2 /(l + kt). In the case of a molecule of 
the size of the smaller proteins, will exceed unity at ionic strengths as low as 
0.1. Under these conditions, the limiting relation, in which wm varies with r 
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(i. e., with v^mol. wt.), will be approached. Consequently the span of the curve 
on the pH-axis should increase with increase in size of the molecule, but large 
changes in size may be necessary to bring the effect clearly into evidence. 

The size of a molecule may also increase through hydration. In this case, 
since m remains constant, the curve should contract as r increases. 

In studies of protein solutions, it is often desirable to estimate the contribu¬ 
tion of the protein ions to the ionic strength. A common, but empirical, prac¬ 
tice has been to assume that it is equal to one-half the equivalent concentration 
of the net charge, i.e., to hC p / 2. In a protein solution, for example, in which the 
concentrations of added hydrochloric acid and sodium chloride were [HC1] 
and [NaCl], we would compute n from 

2 M = [H + ] + [HC1] + 2[NaCl] + h-C p 


TABLE 3 

The ionic strength of protein ions ( P-lactoglobulin ) 


h 

Cj, x 10», 1.23 
[NaCl] X 10*, 9.0 

Cp X 10*, 0.61 
[NaCl] X 10*. 4.5 

pH 

2v> 

2.3 

m' 

t* 

pH 

2xo 

2.3 

l 

m' 


40 

2.35 

0.033 

0.070 

0.063 

2.24 

0.037 

0.050 

0.035 

35 

2.78 

0.034 

0.066 

0.054 

2.63 

0.038 

0.045 

0.029 

30 

3.10 

0.036 

0.055 

0.046 

2.95 

0.041 

0.034 

0.024 

25 

3.42 

0.038 

0.045 

0.039 

3.25 

0.044 

0.026 

0.021 

20 

3.70 

0.041 

0.034 

0.033 

3.56 

0.048 

0.018 

0.017 

15 

3.98 

0.045 

0.024 

0.026 

3.88 

0.052 

0.013 

0.013 

10 

4.33 

0.048 

0.018 

0.020 

4.25 

0.056 

0.010 

0.010 

5 

4.74 

0.048 

0.018 

0.014 

4.70 

0.056 

0.010 

0.007 

0 

5.19 




5.19 





n =* ionic strength calculated from equation 15. 
n' « ionic strength calculated from to and equation 4. 
C p calculated from molecular weight — 40,000. 


Since electrical neutrality requires that [HC1] = [H + ] + h • C P , this reduces to 

M = [H + ] + [NaCl] + h-C p (15) 

If [NaCl] is low, n will increase with h as well as with C p . We suggest that this 
may be sufficient explanation for the striking difference in shape between a curve 
at constant n and the curve of a protein solution in the substantial absence of 
salt. In table 3 data from two curves of /S-lactoglobulin are recorded. A very 
small amount of sodium chloride was added to prevent precipitation of the 
protein at the isoelectric point. With the aid of equation 14 a value of w has 
been calculated for each point on each curve and the corresponding value of 
ix has been calculated from equation 7. This is a rather precarious calculation, 
and the values obtained are to be considered only as coarse approximations. 
They are compared, in table 3, with values of ix calculated directly from equa- 
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tion 15. It is evident that the effect of the concentration of protein on the 
dissociation curve is not inconsistent with equation 15. 

One final deduction from the theory may be of interest. It touches the ques¬ 
tion of the nature of the assembly of protein ions in a protein solution. The 
quantity h represents only the time average of the net charge. It is evident 
that significant numbers of ions differing materially in charge from h may be 
present in a given solution. The average concentration of an ion of any par¬ 
ticular charge may be calculated from equation 9. To illustrate the situation 
we have chosen an isoelectric solution of 0-lactoglobulin. In figure 2, curves are 
reproduced giving the distribution of ions, according to equation 9, in this solu¬ 
tion at three different ionic strengths. 



Fig. 2* Isoionic point of 0-lactoglobulin. Theoretical distribution of ions. Curve A, 
m = *0.0; curve B,/x = 0.069; curve C,m = 2.1. 
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Gibbs’ phase rule permits one to make certain general predictions about the 
number of components in a preparation from its solubility curve. If the solubility 
does not vary with the amount of solid, i.e., it has a constant solubility, the material 
will in general be a single pure component. If the solubility varies with the amount 
of solid, two possible cases exist. The material may be a mixture or a solid solu¬ 
tion of two or more components. 

The curves, methods of distinguishing, and techniques involved in these three 
cases are discussed in detail. 

Use of solubility methods in the purification of proteins is described and illus¬ 
trated with the cases of pepsin and diphtheria antitoxin. 

I. INTRODUCTION 

The historical and theoretical development of protein solubility has been 
thoroughly discussed by Northrop and Kunitz (7, 12) and more recently by 
Butler (1), so that it is necessary to mention only the more important aspects. 

Sprensen (15) seems to have been the first to apply the phase rule to studies 
of protein solubility. However, when his protein preparations, even after re¬ 
peated fractionation, did not have a constant solubility as the amount of solid 
was varied, he suggested (16) that perhaps proteins are dissociable molecules 
and were for this reason behaving in his solubility experiments as “multiple 
component systems. ,, 

Kunitz and Northrop (7) were the first to obtain highly purified protein 
preparations of constant solubility. Their work not only demonstrated that 
proteins could be obtained which had constant solubility and therefore behaved 
like other molecules of organic or inorganic nature but also proved that not all 
proteins conformed to the dissociating theory of Sprensen (16). At the present 
time a number of proteins have been prepared which show a constant solubility, 
among which are chymotrypsinogen (Kunitz and Northrop (7)), trypsin (Kunitz 
(5)), swine pepsin (Herriott, Desreux, and Northrop (3)), salmon pepsin (Norris 
and Elam (10)), ribonuclease (Kunitz (6)), the luteinizing hormone of swine, 
metakentrin (Shedlovsky, Rothen, Greep, Van Dyke, and Chow (14)), the 
lactogenic hormones of beef and sheep (Li, Lyons, and Evans (9)), and the 
oxytocic, pressor, and antidiuretic hormone from beef pituitary (Van Dyke, 
Greep, Rothen, and Chow (17)). 

1 Presented at the Symposium on Physiochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry at the 102nd Meeting of the American Chemical 
Society, Atlantic City, New Jersey, September 8-12,1941. 
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n. THE PHASE RULE AND SOLUBILITY CURVES 

Crystalline proteins do not have melting points, so that this classical criterion 
of purity, so useful in organic chemistry, cannot be applied in the study of pro¬ 
teins. However, the somewhat analogous determination of solubility furnishes 
much the same information. 

In most phase-rule studies, changes in certain properties are examined as the 
temperature or pressure of the system is varied. In the solubility determination 
the temperature and pressure are held constant, and the variation in the concen¬ 
tration of solute is noted as the amount of solid phase is varied. 

The Gibbs 1 phase rule, which applies only to systems at equilibrium, states 
that the number of phases plus the number of degrees of freedom equals the 
number of components plus two, orP + F = C + 2. Since the temperature 
and pressure are held constant during the solubility determination the equation 
simplifies to P + F' = C, in which F' = F — 2. In view of the fact that much 
depends upon the meaning of the terms, the following definitions are taken 
directly from Findlay’s book on the phase rule (2). Thus, “homogeneous physi¬ 
cally distinct and mechanically separate portions are called phases.” By com¬ 
ponents are meant “only those constituents which can undergo independent 
variation in the different phases.” For the number of components in a system 
“there are to be chosen the smallest number of independently variable con¬ 
stituents by means of which the composition of each phase participating in the 
state of equilibrium can be expressed in the form of a chemical equation.” The 
number of degrees of freedom is “the number of variable factors, temperature, 
pressure, and concentration of the components, which must be arbitrarily fixed 
in order that the condition of the system may be perfectly defined.” 

In order to apply the phase rule to solubility data it is necessary to measure 
the solubility of the substance in the presence of varying quantities of the solid 
phase. This is done by stirring varying quantities of the precipitate with a 
constant volume of solvent until equilibrium is obtained. The concentration 
of dissolved material is then determined and plotted against the total protein 
concentration. The various types of curves possible are shown in figure 1. 

In the first part of the curve, as small amounts of the unknown solid are added 
to pure solvent all will dissolve, giving a clear solution, and the points will fall 
on the 45° line. There is only one phase, the solution, and two or more com¬ 
ponents one of which is the solvent; therefore there is at least one degree of 
freedom. As soon as the solid phase appears, there are two phases present. 
Three types of curves are now possible. 

( 1 ) A curve with a slope of zero, such as curve A in figure 1 in which the 
composition of both phases remains constant and independent of the quantity 
of the phases. This result shows that the system is fixed and has no degrees of 
freedom. The number of phases and of components is therefore equal. The 
simplest case is two components, solvent and solute, and two phases, one liquid 
and one solid. The solid phase consists, therefore, of only one component. It 
is possible that two solid phases would appear at precisely the same point and 
the system would then consist of three phases and three components. Such a 
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result could occur if the solid consisted of two proteins present in proportion to 
their solubility. It corresponds to the case in which a mixture of two substances 
has the same melting point as one pure substance and is an improbable occur¬ 
rence. This possibility can be ruled out, however, by repeating the determina¬ 
tion in another solvent, since the relative solubility of two substances is, in 
general, different in different solvents. A racemic mixture of d- and Z-isomers, 
however, could not be recognized by this method, although if either isomer was 
present in excess its presence would be detected. 

A curve such as curve A in figure 1 with a slope of zero would also be obtained 
if the solid were a solid solution of two or more proteins having exactly the same 
solubility. This possibility can also be ruled out by repeating the determination 
in another solvent. 



Fig. 1 . General types of solubility curves. Curve A, results from a single protein 
component; curve B, results from a solid solution of two or more protein components; 
curve C, results from a mixture of two protein components. 


(#) A rounded curve like curve B of figure 1, in which there is only one solid 
phase but of varying composition (solid solution of two or more components). 
This system has at least one degree of freedom. 

(5) A curve like curve C of figure 1 (a mixture), made up of straight lines in 
which each break in the curve represents the appearance of a new solid phase. 

It may be seen from examination of these three curves that in each case the 
solubility becomes constant when the excess of solid is great enough. There¬ 
fore, it is not sufficient to determine the solubility in the presence of two or more 
different amounts of solid if these amounts are high relative to the concentration 
of the dissolved material. One must examine most carefully that region of the 
curve where the solid phase first appears. If the solubility is the same at this 
point as in the presence of a large excess of solid, then the preparation has a 
constant solubility . 

When it is necessary to distinguish between a mixture and a solid solution 
with greater certainty than from merely the shape of the curve, this can be 
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done by testing the prediction that the first solid phase that appears along the 
solubility curve is a pure component if the components arc present as a mixture. 
Thus, if the solid that first appears along the curve is separated off and found 
to have a constant solubility, the original preparation is a mixture of two or more 
components. If the solid that is separated off produces a rounded curve similar 
to the original curve, then the original material is a solid solution. In either 
case the maximum solubility will be less than that of the original, but the main 
point is that, in the case of a mixture, the first solid to appear is a single pure 
component, while in a solid solution it is not. 

In the event that one is dealing with a mixture of proteins, certain additional 
information is obtainable from the solubility diagram (assuming ideal solutions). 
Thus, if the line obtained when the first solid appears, indicated in figure 1 as C, 
is extrapolated back, the value at the intersection of this extrapolation with 
the ordinate is the solubility of the pure component that is appearing as a solid 
phase. One minus the slope of that line represents the fraction of the pure 
component in the original suspension. This follows from certain graphic and 
algebraic considerations which are derived and discussed in the previous papers 
of Northrop and Kunitz (7, 12) and are not a part of the phase rule. 2 

It may be seen from the preceding discussion that if one obtains a curve of 
constant solubility similar to curve A in figure 1, the material under examination 
is either a single component or one of the rare cases of two or more components 
that has a constant solubility. By determining the solubility in as widely dif¬ 
ferent solvents as the material will permit,—in the case of proteins variations 
in pH being of particular importance,—one may decide between the possibilities. 
If, in the different solvents and after all types of fractionation, the material 
persists as a preparation of constant solubility over the entire range of suspension 
concentrations, one is forced to conclude that the material is a single pure com¬ 
ponent or a theoretically possible, though very unlikely, case of a combination 
of proteins which have the same relative solubility in all solvents used. 

III. USE OF THE SOLUBILITY CURVE IN THE PREPARATION OF PROTEINS 

Theoretical 

One of the most powerful uses that can be made of the solubility curve lies 
in the development of methods of separating out single protein components. As 
has already been discussed, in the case of a mixture the first solid to appear is a 
pure component, so that one has at hand a simple scheme for its preparation. 

When the solubility curve is that of a solid solution (curve B of figure 1), the 
predictions with regard to purifying the components with the same solvent are 
as follows, assuming that Raoult's law governs at least approximately: ( 1) 
The greater the difference between the point at which the solid first appears 
along the curve and the point where the solubility does not change with amount 

2 Kunitz and Northrop (8) have demonstrated with known crystalline proteins how the 
determined solubility and composition of mixtures and solid solutions agree with the 
predicted values. They have a case of two proteins which behave as a mixture at one pH 
and at only 1.5 pH units away form a solid solution. 
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of solid, the greater the difference in the solubility of the pure components and the 
more suitable the solvent is for separation of the components. (2) The solid 
phase will be richer than the starting material in the less soluble components, 
especially when most of the total material is dissolved. 3 ( 3 ) The solution phase 
will be richer in the more soluble components, particularly when most of the 
protein is present as the solid phase. (4) The maximum separation of com¬ 
ponents possible for a single treatment will be C times the composition of the 
starting material, where C is the ratio of the solubilities of the pure components 
and the composition is expressed in mole fractions. Treating the first fraction 
a second time will yield a maximum separation of C 2 times the composition 
of the original preparation, etc. If enough material is available and the differ¬ 
ence in solubility is appreciable in the solvent used, relatively pure fractions 
should be obtainable by repeating the procedure several times. In several in¬ 
stances this has been an experimental fact, as is adequately demonstrated below. 

Purification of pepsin and diphtheria antitoxin 

Crystalline pepsin prepared by the method originally described usually has a 
solubility curve characteristic of a solid solution, as may be seen in figure 2. 
This preparation had been twice fractionally .crystallized and had been found 
to be strictly homogeneous in the Tiselius electrophoresis cell (4). Similar 
preparations were homogeneous in the ultracentrifuge (Philpot (13)). Recently 
a procedure was designed (Hcrriott, Desreux, and Northrop (3)) for the purifica¬ 
tion of pepsin on the basis of its being a solid solution of proteins. Starting 
with the crude commercial pepsin protein, the soluble fraction in the presence 
of excess solid was saved. The results of the important steps are shown as solu¬ 
bility diagrams in figure 3. The solubility curve of the original crude pepsin is 
indicated in curve B of figure 3. The solid phase began appearing very early 
in the curve, as may be seen, and the solubility did not become constant until 
the suspension concentration was many times greater than that shown on the 
graph. This is typical of a solid solution curve. The material was then ex¬ 
tracted with a volume of solvent in which only a third of the total protein dis¬ 
solved but, as may be seen from the curve marked “soluble fraction” in figure 3, 
that portion that was soluble in the extracting solvent contained very little of 
the less soluble material. The residue from the extraction, on the other hand, 
was rich in the less soluble component, as is indicated by the solubility curve 
marked “insoluble fraction.” When the soluble fraction was precipitated and 
reextracted in the same solvent as used before, the amount dissolved was con¬ 
siderably greater, as was to be expected. When the soluble portion after this 
second extraction was crystallized it had a constant solubility, as seen from the 
solubility curve A of figure 3 and it remained constant on further fractionation. 

The case of diphtheria antitoxin (Northrop (11)) is similar to that of pepsin 

* In the paper by Northrop and Kunitz (12) line 8 of the text on page 787 should read, 

C / 1 

“the first precipitate that appears will be —” ( not — 
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but is worth discussing in order to emphasize that purification may be accom¬ 
plished and examined by the solubility technique. 

Figure 4 contains the solubility curves of the fractions of diphtheria antitoxin 
protein at various stages in the purification. The entire protein fraction, after 
precipitation of the antitoxin with toxin and then removal of the toxin, had a 




Fig. 3. Solubility curves of pepsin at various stages in the purification 

solubility curve similar to the top curve, A, of figure 4. The fraction of this 
preparation which was insoluble between 0.1-0.35 saturated ammonium sulfate 
is shown in curve A. It was a very insoluble material, for the coordinates are 
on a 10 to 1 scale. The fraction precipitated between 0.35-0.65 saturated am¬ 
monium sulfate is shown in curve B. Here the coordinates have the same scale, 
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and it is quite clear that this fraction was more soluble but far from homogene¬ 
ous. When this last fraction was refractionated by saving only that part which 
was soluble in 0.50 ammonium sulfate but insoluble in 0.65, the curve C was 
obtained. Upon repeating this fractionation between 0.5-0.65 saturation a 
material of constant solubility was obtained, as seen by curve D. 



Protein N./ml.- total - nig’. 

Fig. 4. Solubility curves of diphtheria antitoxin (Northrop) at various stages in the 
purification. 

IV. CONDITIONS AND CERTAIN DETAILS OF SOLUBILITY TECHNIQUES 

Solvent .—Although there are few definite rules that apply to all proteins, 
certain general aspects of the problem must be kept in mind. Thus, it is im¬ 
portant when choosing the conditions to arrange them so as to obtain as near 
the maximum stability of the protein as possible. A solvent of such a nature 
(usually a salt solution) should be chosen that the amount of dissolved protein 
will be such as to be estimated precisely and yet not such that too large a pro¬ 
portion of the protein in a concentrated suspension is in solution. 

Amorphous and crystalline forms .—With some proteins it is possible to perform 
the solubility experiment on either the crystalline or the amorphous form. 
There are certain advantages to each but, other things being equal, a solubility 
experiment on the crystals is open to less objection. On the other hand, solu¬ 
bility curves of amorphous forms are often extremely convenient and useful, 
especially for proteins that do not crystallize. 

Equilibrium from both sides .—In addition to the choice between solubility 
curves for amorphous and for crystalline forms, one may choose to approach 
the equilibrium point from either the supersaturated or the undersaturated side. 
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Both approaches should be made when the amount of material and other con¬ 
siderations permit, and it is rather important that at least one or two points be 
approached from both sides to insure one that a true equilibrium value is actually 
being measured.. Approach from the supersaturated side of the equilibrium 
can be conveniently carried out with amorphous preparations, using a split 
solvent. This is done by dissolving the solid phase or suspension in the water or 
buffer part of the solvent and precipitating with the concentrated salt part of 
the solvent. With crystals, supersaturation is easily obtained by varying the 
temperature so that some of the crystals dissolve and, on returning to the original 
temperature, crystallization takes place, but slowly. 

Approaching from the undersaturated side of the equilibrium is usually ac¬ 
complished for both amorphous and crystalline forms by stirring the solid phase 
with the complete solvent. The time required to attain equilibrium will depend 
upon a number of factors, paramount among which arc the quantity of solid, the 
size of the solid particles, and the rate of stirring. The time will therefore vary 
with conditions and must in each case be determined experimentally. 

Preliminary equilibration. —In bringing the solid into equilibrium with the 
solvent before carrying out the solubility-curve experiment, much time can be 
saved by first washing the solid on a Buchner funnel with small aliquots of the 
complete solvent or by dialysis in cellophane bags against the solvent. The 
solid is then stirred or precipitated with successive aliquots of the solvent until 
several successive aliquots contain the same amount of dissolved protein. If 
one does not obtain a constant amount dissolved after a few washings it may be 
due to a change in the protein composition, owing to removal of a relatively 
large amount of the more soluble components in the washing, and not because 
salt equilibrium had not been obtained. When several successive aliquots do 
have the same amount of dissolved protein, it may be presumed that equilibrium 
exists between the solid and the solvent. 

Distribution. —Solvent equilibrium having been obtained, the suspension is 
then distributed in varying amounts in a number of test tubes, followed by the 
addition of the solvent. The amount of suspension in each tube is adjusted, so 
that at equilibrium a range from complete solution of the protein to a large 
excess of solid exists in the series of tubes. For reasons already discussed in the 
earlier sections of this paper, it is more important to have most of the tubes in 
the region of a small excess of solid than of a great excess of solid. 

Final equilibration. —In stirring the protein solutions or suspensions, foaming 
should be avoided as this may bring about considerable denaturation. It has 
been found that glass beads or marbles in test tubes that are completely filled, 
stoppered, and then rotated, suffice to stir the suspensions. The time of stirring 
necessary to attain equilibrium must be determined experimentally. 

Separation of solid and solution phases .—After equilibrium has been attained, 
the solid is separated from the solution by centrifugation or filtration. Care 
must be taken in the case of “amorphous” solubility curves that are approached 
from the supersaturated side that equilibrium is attained before separation 
of the solid phase. It has usually been assumed that one could not have a pro- 
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tein solution supersaturated with respect to the amorphous form, but certain 
experiments with pepsin seem to indicate that supersaturation is possible. The 
filtrates should remain clear for several hours unless crystallization is taking 
place, which can be determined by microscopic examination. In the event the 
preparation tends to crystallize in the complete solvent, one may depress this 
tendency by allowing the solution of protein to stand in the dissolving half of 
the split solvent for several hours before adding the precipitating half of the 
solvent. This allows the last traces of crystals to dissolve, which would other¬ 
wise act as seeding crystals. The supernatant or filtrate must, therefore, be 
crystal-clear. It has been found that filtration through Whatman’s No. 42 
filter paper gives uniformly the best results. If the amount of dissolved protein 
is under 0.5 mg. per milliliter the filter paper takes up some of the protein, so 
that the first portion of filtrate may be low in dissolved protein and is therefore 
usually discarded. 

Estimation of dissolved protein .—The amount of dissolved protein may be 
determined by any of a number of methods, such as Kjeldahl nitrogen, turbidity, 
biological activity, tyrosine color value, or any other easy and precise method. 
In the event that one is examining an unidentified substance having a specific 
property such as a biological activity, one can learn a great deal about the class 
of substances in which the unknown belongs by making as many different tests 
on the solubility solutions as possible. For example, one will find that the pro¬ 
tein, carbohydrate, nucleic acid, or other properties do or do not run parallel 
to the specific property that is being studied. 
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The principles of the solubility-product method and their application to the de¬ 
termination of amino acids in protein hydrolysates are outlined. The methods for 
leucine and glycine serve as specific examples. The properties of aromatic sulfonic 
acids as reagents for amino acids are included to illustrate their use in solubility 
analysis and in the qualitative fractionation of mixtures of amino acids. 

I. INTRODUCTION 

Protein chemistry requires as a fundamental basis the accurate establishment 
of the amino acid composition of the various proteins. The problem is analogous 
in principle to the establishment of the composition of simpler molecules in 
terms of their constituent atoms. In practice, many diverse approaches have 
been made to the problem of analysis for amino acid constituents. Yet the 
relative difficulty of the task is evidenced by the fact that we cannot write today 
the empirical formula for the amino acid composition of even the simplest pro¬ 
tein, and among many of the more complex proteins 40 per cent or more of the 
amino acids in the molecule remain completely unaccounted for. 

Fractionation procedures, precipitation methods, and colorimetric methods 
have all been applied, with varying degrees of success, to the analysis of com¬ 
plicated mixtures of amino acids. For a few of the amino acids, results of high 
precision have been attained; for others, however, the accuracy has been less 
satisfactory, and for many of the constituent parts of the protein molecule 
there has existed no method which could be classified as a quantitative deter¬ 
mination. The results acquired with the aid of the existing quantitative meth¬ 
ods, together with the significant contributions of the qualitative methods, 
have been of immeasurable assistance in the progress of protein chemistry. 
Nevertheless, the history of this field for the past fifty years seems to point to 
the conclusion that a major advance in the quantitative knowledge of protein 
structure (complete analysis) can be expected only through the introduction of 
some fundamentally new approach. 

The solubility method represents one attempt at a new solution of this problem 
(3,11). Another approach is provided by the isotope dilution method of Ritten- 
berg and Foster (8, 9). The solubility method, which is the subject of this 
discussion, has originated from work on the gravimetric determination of amino 
acids and represents an attempt to extend the range of this type of analytical 
approach. 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry at the 102nd Meeting of the American Chemical Soci¬ 
ety, Atlantic City, New Jersey, September 8-12, 1941. 
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In gravimetric analysis a familiar procedure consists in the precipitation of a 
substance in the form of a sparingly soluble salt. The solubility product of the 
ions involved in the equilibrium is the principal factor determining the complete¬ 
ness of precipitation. This feature is, of course, common to inorganic as well 
as organic analysis,—to the determination of barium as sulfate as well as to the 
determination of arginine as flavianate. In the amino acid field the difficulty of 
attaining quantitative isolation is evidenced by the fact that in only a very few 
instances are reagents known which are capable of quantitatively precipitating 
one and only one amino acid from a mixture so complex as a protein hydrolysate. 
A second procedure, which has of necessity been followed in some cases, has been 
the use of reagents which precipitate only the major part of the amino acid, 
supplemented by the application of corrections for the amount of amino acid 
remaining in solution in the hydrolysate. There is no sound method for deter¬ 
mining this correction factor, however, since the absolute value of the solu- 


The Solubility Method of Analysis 
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Fio. 1. The solubility-product method applied to the analysis for an amino acid under 
conditions of partial precipitation. 

bility of a compound is a function of the composition of the solvent. The 
solubility determined in water or normal hydrochloric acid may be far different 
from the solubility in a protein hydrolysate. At this point in the problem the 
solubility-product method was introduced in order to provide a sound principle 
for the calculation of the total amount of an amino acid in a solution from data 
obtained by partial precipitation of the amino acid. 

II. PRINCIPLES OF THE SOLUBILITY-PRODUCT METHOD 

The first formulation of the method (3, 11) is illustrated in figure 1. Two 
aliquots of a solution are taken, each containing A moles of the amino acid to be 
determined. To the first aliquot is added Ri moles of a reagent which causes 
the partial precipitation (50 to 60 per cent) of the amino acid as a salt. If the 
precipitated salt (Fi moles) is binary, containing equimolar quantities of amino 
acid and reagent, it may be represented by the shaded square in figure 1. Re¬ 
maining in solution are A — Y t moles of the amino acid and Ri — Y\ moles of 
the reagent. 
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To a second aliquot is added a larger quantity of reagent, R 2l causing an 
increased precipitation up to, for example, 70 to 80 per cent of the amino acid 
present. The method of analysis is founded on the experimental observation 
that under conditions such as these the solubility product, that is, the product of 
the molar quantities of the amino acid and the reagent remaining in solution, 
is practically constant. In this case the solubility product for the first point 
is (A — Y 1 )(R 1 — Fi), represented by the area K h and for the second point 
(A — Y 2 )(R 2 — F 2 ), or the area K 2 . If K\ and K 2 have identical, or, as will be 
shown later, nearly identical values, they can be eliminated by equating the two 
products, and the resulting expression can be solved for the only unknown, A. 
This calculation yields the total amount of amino acid present in the sample 
under analysis. 


Solubility Method 
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Fig. 2. The solubility method applied under conditions in which the solid phase is pre¬ 
formed and allowed to dissolve in the sample instead of being formed by precipitation from 
the sample. The term R represents that portion of the sulfonic acid added as such (or as 
a sodium salt) to the second solution, in contradistinction to the amount of the same sul¬ 
fonic acid contributed to the solution by the salt ( S ) as it dissolves. 


By this procedure it is possible to carry out an analysis without quantitative 
precipitation. The development of the method can be carried still one step 
further, however, and the precipitation requirement completely eliminated. 
The solubility-product principle may be applied under conditions in which 
measurement is made of the amount of an amino acid salt going into solution 
in aliquots of the sample under analysis (2). In this case no isolation of the 
amino acid from the hydrolysate is required. One might say that the method in 
this form permits the quantitative determination of an amino acid in solution 
from measurements of the extent to which its presence depresses the solubility 
of one of its pure salts. This technique possesses several advantages from the 
experimental standpoint. The working procedure of the method in its present 
applications to the analysis of protein hydrolysates is illustrated in figure 2. 

The determination of Z-leucine with 2-bromotoluene-5-sulfonic acid may be 
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discussed as an example of this procedure. An excess of a known pure sample of 
Z-leucine 2-bromotoluene-5-sulfonate is added to an aliquot of the hydrolysate 
containing an unknown quantity (A millimoles) of Z-leucine, and the salt allowed 
to dissolve to the point of saturation. The binary salt dissolved (Si millimoles) 
contributes equimolar amounts of Z-leucine and 2-bromotoluene-5-sulfonic acid 
to the solution. At equilibrium the total Z-leucine present is A + Si and the 
total sulfonic acid is Si, giving the solubility product Ki = Si(A + $ 1 ). Simul¬ 
taneously, the Z-leucine salt is added to a second aliquot of the hydrolysate in 
which R millimoles of sodium 2-bromotoluene-5-sulfonate has previously been 
dissolved. At equilibrium a smaller quantity of the amino acid salt (S 2 ) dis¬ 
solves in this second solution as a result of the common-ion effect of the added 
sulfonic acid. The total Z-leucine in solution is A + S 2 and the total sulfonic 
acid is R + S 2 , giving the solubility product K 2 = (R + £ 2 )(A + & 2 ). If the 
two solubility products are equal, solving for A gives the amount of Z-leucine in 
the sample in terms of the three known quantities Si, S 2 , and R (equation I, 
figure 2). This equation is applicable to the amino acid determinations in which 
K is found to be constant. In other determinations, such as that of glycine as 
nitronaphthalenesulfonate, solubility products of satisfactory constancy are 
not obtained. In these cases K 2 is consistently greater than K x . This devia¬ 
tion, however, is small and reproducible, and, as will be demonstrated later, the 
introduction of a factor F in the equation adequately accounts for this increase 
(equation II, figure 2). 

Experimentally, the method involves the measurement of the solubility of a 
given solid phase in two aliquots of the solution of unknown amino acid content. 
This measurement can be made with accuracy gravimetrically. A weighed 
amount of the amino acid salt is added to a sample of the solution. The solu¬ 
bility is determined by difference after equilibrium has been attained at 0°C. 
The separation of the two phases without temperature change is accomplished 
by centrifugation at 0°C. through sintered glass (6). The undissolved amino 
acid salt, together with a small amount of adhering solution, is retained by the 
sintered glass. The filter assembly is weighed before and after drying and the 
loss on drying provides a measure of the adhering solution, making it possible 
to calculate the true net weight of the solid phase. 

The application of the solubility method under these conditions permits the 
purity of the solid phase to be readily insured. The initial amino acid salt repre¬ 
sents a known preparation of established purity. As it dissolves, however, it 
contributes to the solution a quantity of sulfonic acid which might cause the 
precipitation of some other salt from the unknown. To establish the absence 
of interference, the first step is the addition of slightly more than R + S 2 milli¬ 
moles of sulfonic acid to a separate sample of the hydrolysate. This concentra¬ 
tion of sulfonic acid should not be sufficient to cause the precipitation of any 
compound from the unknown, and a clear solution should be obtained. The 
second and final check is made by adding a small amount of the pure amino 
acid to the A millimoles present and determining the precision of recovery. 

This proof of purity of the solid phase establishes as a corollary principle the 
specificity of the determination. It is obvious that if Z-leucine is the only amino 
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acid in the solid phase, then it is the only amino acid taking an active part in the 
equilibrium between solid phase and solution, and the analysis is fundamentally 
specific for Z-leucine. 

It will be observed that the solubility method does not demand reagents of 
high selectivity. For example, given a mixture of approximately equimolar 
quantities of leucine, phenylalanine, and tyrosine, it would theoretically be 
possible to analyze for each of the three components with the aid of a single 
reagent. This could be done provided the leucine, phenylalanine, and tyrosine 
salts had about the same solubility product. For the determination of leucine, 
the leucine salt would be employed as solid phase; for phenylalanine, the phenyl¬ 
alanine salt; and for tyrosine, the tyrosine salt. This analysis by the solubility 
method would be possible even though the reagent would not be considered 
selective for any one of the three amino acids in the usual sense of the word. 



III. APPLICATION TO THE DETERMINATION OF AMINO ACIDS 

A . Leucine 

The establishment of the precision of the solubility-product principle for a 
given amino acid and reagent combination is illustrated for /-leucine 2-bromo- 
toluene-5-sulfonate in table 1. The determinations are carried out in hydro¬ 
chloric acid solution (1.0 ± 0.2 normal). The amount of sodium 2-bromo- 
toluene-5-sulfonate added to the second aliquot in each case is about 0.1 
millimole. The agreement between K x and K 2 is satisfactory, and equation I 
gives accurate recoveries for Z-leucine. In protein hydrolysates, of course, the 
solubility product will be higher than in a pure leucine solution. When the 
value of the solubility product is increased from 9 X 10~ 4 up to 12 or 13 X 10~ 4 
by the addition of an organic solvent, the analysis is equally satisfactory. When 
the solubility product is similarly increased by the addition of arginine, glutamic 
acid, glycine, and tyrosine, the accuracy is maintained. An important char- 
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acteristic of the method is illustrated in these data. As has been pointed out, in 
contrast to the usual gravimetric techniques, the solubility method is in principle 
independent of the absolute magnitude of the solubility of the salt in the solvent 
or unknown hydrolysate. The relative constancy of the two K’s in any indi¬ 
vidual leucine determination is the fundamental essential. 

From the stereochemical standpoint, the analysis under these conditions is 
specific for Z-leucine, and small amounts of the d-isomer, if present, do not enter 
into the equilibrium. Analysis for d-leucine can be made by use of the d-salt 
as solid phase. Analysis for both of the isomers in mixtures of d- and Z-leucine 
may be accomplished by the use of the racemic mixture eZZ-leucine 2-bromo- 
toluene-5-sulfonate as solid phase. Theoretically, if a dZ-salt is a racemic mix¬ 
ture, not a racemic compound , K dt is equal to twice K t in the ideal case. This 
relationship holds for the dZ-leucine salt of this reagent, but does not hold, of 
course, for all dZ-amino acid salts, many of which are racemic compounds. 

B. Glycine 

A series of analyses for glycine, using nitronaphthalenesulfonic acid, is listed 
in table 2. Tn the first example, Ki is 7.33 X 10 ~ 4 , and when about 0.1 millimole 
of nitronaphthalenesulfonic acid has been added, K 2 is 7.83 X 10~ 4 . If solved 
by equation I, as used for leucine, this analysis would give a recovery of about 80 
per cent, the low value being the result of the small but measurable difference 
between K x and K 2 . In the first determination it will be observed that Ky 
is 93.6 per cent of K 2 . As the magnitude of Ky is increased over a relatively wide 
range, namely, from 7 X 10~ 4 up to 17 X 10“ 4 , the ratio Ky/K 2 remains satis¬ 
factorily constant. This relationship holds also for analyses in the presence of 
glucose, of furfural, and of arginine, glutamic acid, leucine, and tyrosine. If an 
average value of 0.939 is taken for the ratio Ki/K 2 and this figure substituted 
for F in equation II, the recoveries of glycine calculated by this equation all 
fall within the desired range of precision. 

The change in the solubility product occurring in this determination of glycine 
as nitronaphthalenesulfonate may be considered to represent more closely 
the general case rather than an exception to the rule. The constancy of 
K ( K\/K 2 = 1.00) in the leucine analysis is an experimental fact. It is known, 
however, to be the result of compensating factors which in the glycine case fail 
to compensate as completely. By independent experiments it can be shown that 
changes in amino acid concentration, sulfonic acid concentration, or sodium 
chloride content (if the sodium salt of the reagent is used) all exert small but 
measurable effects on the solubility product. But the addition of a given 
amount of a sulfonic acid reagent, a factor which can be controlled, produces 
nearly the same series of concentration changes in each case. It has been 
shown for the leucine and glycine determinations that the ratio Ki/K 2 can be 
maintained constant over a range of Ky values. A constant K\/K 2 ratio is 
equally as satisfactory mathematically as a constant solubility product. These 
effects do impose the requirement that for accurate analysis the concentration 
of the protein hydrolysate must be adjusted so that the initial amino acid con¬ 
centration is close to the value used in these experiments. As is true of many 
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analytical methods, the first analysis on an unknown generally serves to indicate 
the optimum working range for subsequent accurate determination. 


TABLE 2 


Determinations of glycine 
Reagent: 5-nitronaphthalcne-l-sulfonic acid 


Glycine 


Si - 0.939 S 2 (R 4- S 2 ) 
0.939 (ft + S 2 ) -S t 


GLYCINE 

ALSO PRESENT PER 3 CC. IN ADDITION 

TO N HCl 

SOLUBILITY PRODUCT* 1 

Ki 



CONTENT 




GLYCINE FOUND 

PER 3 CC. 

Ki 

Ki 

Ki 



mg. 





mg. 

Per cent 
recovery 

6.62 

25% Methyl cellosolve 

7.33 X 10" 4 

7.83 X I0-« 

0.936 

6.56 

99.1 

6.85 

30% Methyl cellosolve 

9.39 

10.06 

0.934 

6.73 

98.2 

6.90 

35% Methyl cellosolve 

12.07 

12.82 

0.942 

6.96 

100.8 

7.89 

40% Methyl cellosolve 

17.00 

18.10 

0.939 

7.89 

100.0 

6.76 

30% Methyl cellosolve 
Glucose, 21.6 mg. 

9.23 

9.79 

0.943 

6.83 

101.0 

6.84 

30% Methyl cellosolve 
Furfural, 26 mg. 

10.84 

11.50 

0.943 

6.91 

101.0 

6.79 

30% Methyl cellosolve 

12.14 

12.84 

0.946 

6.97 

102.7 


Arginine, 10.0 mg. 
Glutamic acid, 26.4 mg. 
leucine, 24.0 mg. 
Tyrosine, 18.0 mg. 

12.19 

12.92 

0.944 

6.94 

102.2 


* Ki and K 2 have been calculated on the basis of moles per liter. 


TABLE 3 


Determination of glycine and l-leucine in a synthetic mixture of amino acids 


PERCENTAGE COMPOSITION OP MIXTURE 


ANALYSIS FOR GLYCINE 


Found 

Per cent recovery 

Alanine. 

5.8 



Arginine. 

4.8 

5.83 

99.2 

Aspartic acid. 

11.5 

5.88 

100.0 

Cystine. 

5.8 

5.90 

100.3 

Glutamic acid... 

Glycine. 

11.5 

5.88 

5.80 

98.7 

Histidine. 

Leucine. 

3.5 

11.51 

ANALYSIS FOR /-LEUCINE 

Lysine. 

Phenylalanine. 

3.8 

11.5 

Found 

Per cent recovery 

Proline. 

11.5 

11.40 

99.1 

Tyrosine. 

11.5 

11.57 

100.6 

Ammonia. 

1.5 

11.41 

99.2 


The validity of equations I and II for leucine and for glycine has been checked 
on a number of known mixtures other than those already listed. One example 
is summarized in table 3. A mixture composed of thirteen constituents, ap¬ 
proaching in complexity a protein hydrolysate, has been analyzed with satis- 
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factory precision for both leucine and glycine by the solubility method. The 
final step is from synthetic mixtures of this type to protein hydrolysates. Two 
examples may be sufficient to demonstrate the practical application of the 
method (table 4). In the analysis for glycine and leucine in hydrolysates of 
silk fibroin and egg albumin, both the reproducibility and the recovery are com¬ 
parable to that attained with synthetic mixtures. It should be pointed out, 
however, that experimentally the values in table 4 are based on the amino acid 
contents of the hydrolysates . It is incorrect to conclude that each value neces¬ 
sarily represents the total glycine or leucine content of the protein preparation 
employed. Before such a conclusion is justified, further information is re¬ 
quired on the accuracy of the procedures generally used for the hydrolysis of 
proteins and (except in the case of glycine) on the extent of racemization during 
hydrolysis. The solubility method is being employed to investigate both of 
these problems, each of them being fundamental to the final determination of 
protein composition. 


TABLE 4 

Determination of glycine and l-leucine in protein hydrolysates 


SILK FIBROIN 

EGG ALBUMIN 


Per cent 


per cent 


[ 44.0 


\ 9.11 


44.6 


9.12 


43.2 


9.00 

Glycine. 

43.3 

Z-Leucinc. i 

8.95 


44.4 


9.11 


44.6 


9.12 


Av. 44.0 


[Av. 9.07 

Recovery on protein hydrolysate 


Recovery on protein hydroly¬ 


plus added glycine. 

.... 99.6 

sate plus added Meucine. 

... 100.5 


Of the amino acids which come within the present scope of the method, leucine 
and glycine have been singled out for illustration in this discussion. Leucine, 
with its lack of characteristic functional groups, has previously been indeter¬ 
minable. Glycine has similarly been a difficult amino acid to estimate, especially 
when present in relatively small amounts. The method to date has also been 
applied to phenylalanine, tyrosine, and proline. It may be mentioned that this 
analytical approach is not limited to amino acids, being in theory applicable to 
the determination of any substance possessing an acidic or basic group which 
forms sparingly soluble, dissociable salts. 

IV. REAGENTS 

The practical value of the solubility method is a function of the availability 
of reagents. The development and selection of reagents for a given problem is 
a special study in itself. Only a brief outline can be given here of the manner 
in which this problem has been approached. The investigation has involved 
primarily aromatic sulfonic acids (5), although other types of reagents have also 
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been shown to be applicable (3). A few sulfonic acids have already been recom¬ 
mended, in the earlier literature (1, 13), for use in amino acid analysis, flavianic 
acid (7, 12) being the outstanding example. The general tendency of aromatic 

TABLE 5 

Solubility products of amino acid salts of aromatic sulfonic acids (5) 
Approximate molar solubility products determined in N HC1 at 0°C. Where no value is 
given, the solubility product of the salt was found to be greater 
than about 4 X 10“ 2 


SULFONIC ACIDS 


AMINO ACIDS 

ii 

i 

1 

o 

U 

V 

a 

o> 

N 

g 

■s 

1 

« 

■CV. 

<£> 

a 

8 

c 

£ 

o 

*8 

h* 

V 

§ 

g 

JS 

o 

§ 

Jo 

9 

«o 

2,5-Dichlorobenzene- 

3,4-Dichlorobenzene- 

pii 

V 

g 

J3 

"3 

o 

£ 

2-Bromotoluene-5- 

2,6-D iiodoph enol-4-1 

o 

g 

■a. 

■Ck. 

5* 

E? 

(Flavianic acid) 2,4- 
Dinitro-l-naphthol-7- 

5-Nitronaphthalene-l-f 








Xio- 

-4 





Z-Alanine. 













Z-Arginine* . 




0.2 


0.008 



0.08 

0.06 

0.0002 

0.02 

/-Aspartic acid. 













1 -Cysteine. 

100 

50 

20 





20 


9 



Z-Oystine*. 










0.06 

0.01 


/-Glutamic acid. 








i 





Glycine. 

: 






280 




25 

5 

Z-IIistidine*. 




0.2 

10 

0.002 


2 

0.002 

0.01 

0.05 

0.6 

Z-Hydroxyproline. 









85 



9 

/-Isoleucine. 










16 



Z-Leucine. 

330 

120 

28 

57 

100 

26 


9 

17 

0.3 

3 

130 

Z-Lysine*. 










0.1 

0.01 

0.2 

dZ-Methionine. 

100 

100 

16 


50 

16 




0.8 



dZ-Phenylalanine. 

120 

35 

4 

0.3 

n 

5 

20 

lot 

2 

0.1 

u 

t 

Z-Proline. 









68 




dZ-Serine. 













Z-Tyrosinc. 

51 

190 


17 

82 


28 


8 

2 

0.03 


Z-Valine. 










9 




* The arginine, histidine, lysine, and cystine salts contain 2 moles of sulfonic acid per 
mole of amino acid. For these ternary salts, K = [sulfonic acid] 2 X [amino acid]. There¬ 
fore, a comparison of the solubility product of a ternary salt with that of a binary salt is not 
a direct measure of their relative solubilities. For example, the Z-arginine and dZ-phenyl- 
alanine salts of 2,5-dibromobenzcnesulfonic acid have about the same solubility products. 
A saturated solution of the ternary arginine salt, however, contains about 0.02 mole of 
arginine per liter, whereas a saturated solution of the binary phenylalanine salt contains 
only 0.005 mole of phenylalanine per liter. 

t The salts of Z-cysteine, Z-cystine, and dZ-methionine were not investigated in these 
cases. 

t Z-Phenylalanine salts. 

sulfonic acids to form sparingly soluble salts with nearly all amino acids, how¬ 
ever, has not been recognized until recently. Herein lies a reservoir of reagents 
potentially useful for the isolation, purification, and determination of amino 
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acids. In order to choose a reagent for application to any of these problems it is 
necessary to know first the solubility of the salts which the reagent may form 
with the major constituents of protein hydrolysates. The type of data which 
has been gathered for this purpose is illustrated in table 5. Only a few examples 
of the many reagents investigated are included in this list. For leucine, 2- 
bromotoluene-5-sulfonic acid can be seen to possess the desired degree 
of specificity for most present analytical applications; for phenylalanine, 
2,5-dibromo- and 2,5-dichloro-benzenesulfonic acids; for glycine, 5-nitro- 
naphthalene-l-sulfonic acid. From data of this type, reagents for additional 
members of the amino acid series have been developed. Sulfonic acids also 
may be utilized for the isolation of amino acids and peptides from protein hy¬ 
drolysates on a preparatory scale. One example is the preparation of Z-serine 
and Z-alanine from silk fibroin (10) with the aid of p-hydroxyazobenzene-p'- 
sulfonic acid and azobenzene-p-sulfonic acid. 

v. CONCLUSION 

In the beginning of this discussion it was mentioned that one of the funda¬ 
mental problems of protein chemistry is the establishment of the complete amino 
acid composition of the proteins. It may be asked, therefore, to what extent 
the method outlined in this review may aid in the future accomplishment of this 
task. It should be emphasized that reagents remain the limiting factor in this 
type of analytical approach. It is true that the reagent requirements have been 
lowered, that many additional ones have been developed, and that more quanti¬ 
tative knowledge can be gained today than was possible a few years ago. Yet 
the task of finding satisfactoiy reagents for all of the amino acids must be recog¬ 
nized as a formidable problem. The extension of the method to additional amino 
acids will involve considerable further work in both the analytical and the reagent 
fields. At the present date the method can be summarized as a new and ac¬ 
curate means for the determination of a number of the constituent parts of the 
protein molecule and, as such, is serving as a tool in the general approach to a 
fuller understanding of protein chemistry. 
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The dielectric behavior of a solute of long relaxation time in a solvent of shorter 
relaxation time is discussed. Procedures adapted to the measurement of both the 
dielectric constant and the conductance of such systems are outlined, and the 
effect of electrode polarization upon the results is also discussed. 

Such experiments yield data concerning ( 1 ) the dielectric increments at high 
and at low frequencies and ( 8) the behavior of the solution in the dispersion 
region. Interpretation of the increment results in terms of dipole moments and 
of the dispersion results in terms of the shape and size (and hence the hydration) 
of the molecules are discussed. Most of the dielectric studies upon protein solu¬ 
tion reported in the literature are briefly reviewed. 

The interactions of protein molecules with similar protein molecules, with 
other protein molecules, and with other types of molecules and ions are de¬ 
pendent upon the charge and dipole moment of the molecules or ions involved 
(7, 9). The dipole moments of protein molecules are often very large and 
play a most important part in the behavior of protein solutions, and in many 
cases these studies have been carried out in such a manner that information 
regarding the size and shape of the protein molecules can be obtained. 

1. INTRODUCTION 

The dielectric constant, c, of a polar solution can be related to the number of 
dipoles oriented by the external applied field and the dipole moment, p, of the 
individual dipoles. Orientation is hindered by the Brownian motion of the 
molecules and by frictional forces, these latter forces being proportional to the 
rate of orientation (measured by the frequency, v , of the applied field) and a 
constant r, designated as the “relaxation time,” dependent on the viscosity of 
the solvent and the size and shape of the dipoles. Thus the degree of orienta¬ 
tion at unit field strength will decrease in a frequency region where the hindering 
frictional forces and the orienting forces become of the same order of magnitude. 

Figure 1 represents the dielectric behavior of a solution of protein molecules 
with relaxation times of the order of microseconds, dissolved in low-molecular- 
weight polar solvent molecules with relaxation times much smaller than this. 
The figure is divided into five regions, each of which exhibits a different dielectric 
behavior. In region A the orienting torque acting on both solute and solvent 
molecules is sufficient to overcome all frictional forces, and we find both being 
oriented and a constant and high value of €, designated co. In region B, how¬ 
ever, the frictional forces on protein dipoles with the larger relaxation time 

1 Presented at the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry at the 102nd Meeting of the American Chemical 
Society, Atlantic City, New Jersey, September 8-12, 1941. 
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can no longer be neglected, the orientation of these dipoles is no longer in¬ 
dependent of the frequency, and we find a region of decreasing dielectric constant. 
In region C this frictional force has overcome completely the orienting force 
on the protein dipoles, and they then contribute very little to the dielectric 
constant of the solution, which we designate c*. In regions D and E we have 
similar changes in the orientation of the solvent dipoles, but in the case of 
studies where the relaxation times of the solvent molecules are smaller than 
those of the protein dipoles by a factor of 100 or more, which is usually the 
case with protein solutions, 2 the dielectric behavior in this region does not 
complicate that observed in regions A, B, and C, and furnishes little or no 
information regarding the properties of the protein molecules. 



Frequency (Cycles per5ccond) 

Fig. 1. Schematic diagram of anomalous dispersion of the dielectric constant (e')> the 
specific conductivity (*), and the dielectric absorption (Ae*) for two widely separated criti¬ 
cal frequencies. (From Oncley, Ferry, and Shack: Ann. N. Y. Acad. Sci. 40, 371 (1940)). 

II. METHODS OP MEASUREMENT 

The measurement of the dielectric properties of protein solutions over an 
extended frequency range can be carried out by any of several methods which 
have thus far been devised and employed. They are more or less classifiable 
as (1) bridge methods, {2) resonance methods, (3) force methods, U) calorimetric 
methods, and ( 5 ) various other methods, involving comparisons of phase and 
magnitude of the voltage across an unknown and a standard. 

(f) The bridge method involves the comparison of the resistance and capa- 

* The relaxation time of water at room temperature is of the order of 10" 11 see., while that 
of the amino acids and simpler peptides is 10~ >0 sec. 
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citance of a cell containing the solution under investigation with some arrange¬ 
ment of standard resistances and capacitances. The main source of difficulty 
in measurements of this type with solutions of high conductance is in the selec¬ 
tion of a suitable resistance standard. Apparatus used for the study of protein 
solutions has been described by Errera (18), by Daniels, Mathews, and Williams 
(11), by Oncley (32, 33), and by Ferry and Oncley (21). Apparatus suitable 
for such measurements has also been described by Cole and Curtis (10) and by 
Hemingway and McClendon (25). A modification of the bridge described 
previously (21, 32, 33) is now being used in our laboratory. The standard 
capacitance is a General Radio Type 722-1) precision condenser, and the standard 
resistance is made up of a General Radio Type 669 compensated slide-wire 
resistor (1 ohm), of two General Radio Type 668 compensated decade-resistance 
units (10 and 100 ohms), and a series of 100-ohm resistance units such as are 
used in the General Radio Type 510 decade-resistance, which are shunted with 
trimming condensers adjusted to eliminate exactly the effective inductance of 
the entire resistance combination. 3 The ratio arms are General Radio Type 
516-P4 units, of 1000 ohms each. The fourth arm of the bridge is made up of 
resistance units identical with those used for the standard, and of a series of 
variable air condensers. The unknown is connected in parallel with the standard 
arm of the bridge, and measured by substitution methods. By a suitable choice 
of detector and oscillator equipment, this bridge may be used over a wide 
frequency range. 4 

3 A brief description of the standard resistance is necessary. Almost any type of re¬ 
sistor has a certain amount of residual capacitance or inductance. The type 668 and 669 
units that we have employed have an almost constant residual inductance, and can be 
represented by a resistance R a , variable from 0 to 111 ohms, and a series inductance L a , of 
about l.l=b 0.05 microhenrys. The type 510 resistance, Rb, shunted with the trimming 
condenser, C&, can as a first approximation (i.e., at low frequencies) be considered as a 
fixed resistance Rb and a fixed series inductance, — CbR\ . When these units are connected 
in series, we have a total series resistance of R a 4* Rb and a total scries inductance of L a — 
CbRl • By a proper adjustment of Cb we can reduce this series inductance to zero at low 
frequencies. Experimentally we find this to be a perfectly feasible method for obtaining a 
variable resistor with very low residuals between 1000 and 5,000,000 cycles. The resistance 
Rb can be set equal to 50, 100, 200, or 300 ohms. Higher resistances cannot easily be used, 
since the capacitance of the switch and connections is so great that the value L a — CbR\ 
becomes negative even without any shunting condenser. 

4 The equipment used in this laboratory consists of the following: 


FREQUENCY RANGE 

OSCILLATOR 

AMPLIFIER 

DETECTOR 


50 to 

8,000 

Clough-Brengle Type 
79-U audio fre¬ 
quency oscillator 

General Radio Type 
814A amplifier 

General Radio Type 
760A sound ana¬ 
lyzer 

10,000 to 

100,000 

General Radio Type 
684A modulated os¬ 
cillator 

General Radio Type 
814A amplifier 

Sargent Model 
UA all-wave 
ceiver 

li¬ 

re- 

100,000 to 5,000,000 

General Radio Type 
684A modulated os¬ 
cillator 

None 

Sargent Model 
UA all-wave 
ceiver 

li¬ 

re- 
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(2) The resonance method is widely used, especially for the higher range of 
frequencies (above 10 6 cycles per second). It involves the measurement of the 
resonance frequency of a circuit which includes a cell containing the solution. 
It has been widely used by Drude (14) and others. Many modifications have 
been proposed, the most accurate of which is probably that of Wyman (48). 
Elliott and Williams (16) have recently described a method applied to protein 
solutions. 

(S) The force method involves the measurement of the deflecting force exerted 
by an applied electric field upon a conducting ellipsoid suspended in the solution 
under investigation. It was originally described by Fiirth (24) and has most 
recently been applied by Shutt and his coworkers (4,15,42). It is most effective 
at the low frequencies (10 2 to 10 4 cycles per second). 

(4) The calorimetric method involves the determination of the expansion 
of the solution as a measure of the heating produced by an applied field of high 
frequency. It has been used for the study of various solutions by Malsch (29), 
Debye (13), Martin (30), Schmelzer (40), and others. Its application to protein 
solutions has been described by Shack (41). It is most effective at the higher 
frequencies, but is capable of use over most of the usual dispersion range for 
protein solutions of not too high conductance. 

(5) Various other methods have been used for the measurement of the con¬ 
ductance and capacitance, or in some cases of the relaxation time directly, of 
a solution. Most of these methods depend upon the direct comparison of 
magnitude and phase of the voltage across an unknown and a standard capa¬ 
citance, often by means of an oscillograph measurement. A recent publication 
of Wyman and Marcy (52) describes such an apparatus. 

III. DIELECTRIC INCREMENT 

The dielectric increment of a solution, Ac, is defined as the increase in dielectric 
constant of the solution, e, over that of the solvent under similar conditions, 
€°; that is, 

Ac = € - €° (1) 

In the case of most polar solutes in solvents of high dielectric constant, this 
increment is found to be at least approximately proportional to the concentra¬ 
tion (50, 51). In the case of protein solutions, it is convenient to define a 
quantity Ac /g, designated the “increment per gram,” where g is the concentra¬ 
tion of the protein expressed in grams per liter. This increment per gram is 
related to the increment per mole, 5, by the equation Ae/g = 8/M , where M is 
the molecular weight of the solute (51). 

Low-frequency increment 

The increment measured in the low-frequency region, indicated by A in 
figure 1, is called the low-frequency increment, and designated Aco. It is in¬ 
dependent of frequency over a wide range of frequencies, if complications due to 
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polarization capacity are eliminated by proper methods of measurement. A 
linear relationship between the low-frequency increment Aeo and the concentra¬ 
tion has been observed in dilute solutions of a considerable number of proteins. 
In many cases this linear relationship holds up to quite high concentrations, 
but in some cases, especially when Aeo /g is large, the increment per gram de¬ 
creases somewhat with increasing concentration. In general we may write 

Ae 0 = Eog - Fog 2 (2) 

where Eq and Fq represent parameters characteristic of the individual proteins. 
Terms in higher powers of g may sometime be required, but present indications 
are that the coefficients for these terms will be small, and negligible except in 
very concentrated solutions. 

High-frequency increment 

The increment measured in the high-frequency region, indicated by C in 
figure 1, is called the high-frequency increment, and designated Ae^. The 
high-frequency increment t has been measured for only a few proteins. If we 
assume that the dielectric constant at high frequencies, 6 W , is due largely to the 
contribution of solvent molecules (assuming the volume occupied by the protein 
to have a high-frequency dielectric constant of unity), 5 then we obtain the 
equation 

&*Jg = («° - i>/iooo (3) 

where v is the volume of water (in cubic centimeters) displaced by 1 g. of anhy¬ 
drous protein. We can set v = v + w/po , where p 0 is the density of the solvent, 
v the partial specific volume of the solute (anhydrous), and w the number of 
grams of water which appear to be associated with each gram of anhydrous 
protein. If w = 0, and v = 0.75, we obtain a value of A tjg = 0.059 for water 
at 25°C. and 0.060 at 0°C. The observed values are of this order of magnitude, 
but slightly larger. If we assume reasonable values for w (34), the agreement 
is very good. 


Total increment 

The total increment is designated Ae h and is the sum of the low-frequency 
and high-frequency increments. In cases where proteins are dissolved in mixed 
solvents, there is sometimes difficulty in exactly defining the composition of the 
solvent, since one or more of the components may be more strongly absorbed 
by the protein molecules. In these cases it is not possible to compute accurately 
the low-frequency and high-frequency increments, but the total increment may 
still be accurately obtained. 

* The value of unity for the high-frequency dielectric constant of the protein is too small, 
since it neglects entirely the optical polarization of the protein and the polarization of the 
hydrated water molecules. The value (e° - 1) in equation 3 is, however, probably within 
5 or 10 per cent of the proper value for solvents of high dielectric constant. 
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IV. ELECTRODE POLARIZATION 

One of the most serious difficulties involved in measurements by any of these 
methods is the complication introduced by electrode polarization. This effect 
is most serious at low frequencies and high conductivities, but decreases in 
magnitude until it may properly be neglected at high frequencies or for solutions 
of very low conductivity. It is discussed in some detail by Jones and Christian 
(26), by Cole and Curtis (10), by Fricke and Curtis (22), by Oncley (32), by 
Ferry and Oncley (21), and by Dunning and Shutt (15) and must be considered 
as a possible source of error in all work of this type. Correction for this effect 
was made very successfully at frequencies higher than 25,000 cycles for salt 
solutions and protein solutions (32) by plotting capacities against v~ m and de¬ 
termining B empirically as the slope of the resulting straight line. The dielectric 
increment Ac is thus given by 

Ae = (C x - Bv~ m - Cl)/Q (4) 

where C x is the cell capacity at frequency v with the protein or salt solution, 
Cl the cell capacity with conductivity water, and Q the cell constant ( dC x /de '). 
Below 25,000 cycles, however, the plot against v~ ztl was often found to deviate 
from linearity, and it was no longer possible to correct for the polarization capac¬ 
ity effect by this simple procedure. To involve the least additional complica¬ 
tion, a method of comparison between solutions of equal conductivities has been 
employed. If the polarization correction is represented by Bv~ Vi + f(v), where 
f(v) takes care of the departure from linearity of the v~ m plot, and if /(^) should 
prove to be dependent only on the conductivity, but not on the nature of the 
solute, then the difference between the corrections for two solutions of different 
solutes, but with the same conductivity, should be proportional to 
The parameter B will in general not be the same for the two solutions, 
but the difference, A B, can be determined from the plot of ( C x — C x ) against 
j/~ 3/2 , where C x is the capacity of the cell when filled with a potassium chloride 
solution of the same conductivity, and the values of Ac obtained as 

Ac = ( C x - C' - A Bv~ m )/Q (5) 

This method has been tested by a series of measurements comparing solutions 
of potassium chloride, ammonium sulfate, glycine (with potassium chloride added 
to adjust the conductivity), and lactoglobulin in glycine, and proved to be 
satisfactory for frequencies above 10,000 cycles (21). 

V. CALCULATION OF DIPOLE MOMENTS 

The interpretation of dielectric increments obtained in polar solvents in terms 
of the dipole moments of the solute molecules has been discussed by numerous 
workers (23, 28,31,37,43-45, 47, 50, 51). In the case of protein measurements, 
where both the high-frequency and the low-frequency increments can be ob¬ 
tained, we can eliminate some of the approximations which are often introduced. 
This is especially important when we are dealing with proteins with small values 
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of the low-frequency increment per gram. The relation between dipole moment 
and dielectric increment may be expressed by the equation 

M = [9000^/47^6] [M(Aeo/g - Ac Jg)\ (6) 

where N is Avogadro's number, k is Boltzmann's constant, T is the absolute 
temperature, and p is the dipole moment of a single molecule in solution. This 
moment is not necessarily equal to the moment of a single molecule in the gas 
phase, but is in general somewhat greater (28). 

The parameter b may be evaluated in several different ways: 

(1 ) Direct application of the Debye theory to polar media (32) yields a value 
b = (c 0 + 2) (e w + 2)/3, which may be approximated by the equation b = 
(c° + 2) 2 /3 for solutions with sufficiently small increments. 

(2) Studies by Wyman and others indicate that b — (e — a)/p in pure liquids 
and 6 = (c — c° — a)/p in binary mixtures, where p is the volume polarization 
and a another parameter. Wyman (50) suggests the values b = 8.5 and a = — 1 
as best representing the bulk of the available data. 

(3) We may evaluate b by assuming values of (Ac 0 /g — A tjg) and p for the 
glycine molecule. Various measurements 6 indicate that p is close to 15, and we 
will choose this value. The total increment per gram may be taken as 0.36. 7 

(4) Onsager (37) has computed b as a function of an internal refractive 
index, n, giving the result b = (n 2 + 2) 2 /2 = 4.5 [1 + (n 2 — l)/3] 2 . 

(5) Kirkwood (28) has presented a method for computing b in terms of the 
hindered relative rotation of neighboring molecules. He gives the equation 

1 + ^ J cos ye~ wlkT dojdylj = 4.5(1 + fi) 

where 

f e ~ wlkT dw dv = 1 

Here y is the angle between the dipole moments of an arbitrary pair of molecules, 
and W is the potential between an arbitrary pair of molecules. The integra¬ 
tion extends over all relative orientations (do>) and positions (dt/) within a sphere 
of volume Vo which includes the molecule and the first few shells of neighboring 
molecules. 

For the calculation of dipole moments it is convenient to modify equation 6 
to become: 

p = ay/M(Ae 0 /g — A ejg) = ocy/MiA^/g) 

* Kirkwood (27) estimates the moment as 15.0 Debye units, on the basis of studies of the 
solvent action of neutral salts on glycine at low dielectric constants by Cohn (5), and 
Scatchard and Prentiss (39) estimate the moment as 14.8 Debye units, on the basis of freez¬ 
ing-point measurements. A value near 15 is obtained by consideration of the distance 
separating the positive and negative charges in the glycine molecule. 

7 (Aeo /g) from Wyman and McMeekin (53) and {At m /g) calculated from equation 3, taking 
0.582 for the partial specific volume of glycine (6). 
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Here a new parameter 

« = V9000fc!T/(4ir2V6) = 0.403 X 10 ~Wrft> 

has been introduced, and values of both b and this quantity at 0°, 20°, and 25°C. 
are tabulated in table 1. Values of n calculated from Onsager’s equation and 
of p calculated from Kirkwood’s equation are also given for the various 
values of 6. 

The assumption of 6 = 5.8, as obtained by method (3) using 15 for the dipole 
moment of glycine, appears to be the most reasonable choice we can make at the 
present time, and the values for a calculated from this b value are those used 
in the calculation of all protein dipole moments. It would seem unlikely that 
these values should vary more than perhaps ±15-25 per cent from the true ones. 

VI. DISPERSION STUDIES 

The study of the region B, figure 1, in which dielectric dispersion occurs is 
capable of giving us information dependent upon the size and shape of the 

TABLE 1 


Various evaluations of b and a for equation 7 and the corresponding values for the dipole 

moment of glycine 



b 

a X IQ * 

DIPOLE 

MOMENT 

OF 

GLYCINE 

I onsagkr’s 

REFRAC¬ 

TIVE 

INDEX, 

n 

kirk- 

wood’s 

PARAM¬ 

ETER, 

P 

0 ° C . 

20 ° C . 

25 ° C . 

Debye. 

2160 

0.136 

0.146 

0.149 

0.77 

8.1 

479 

Wyman. 

8.5 

2.28 

2.36 

2.38 

12.3 

1.457 

0.89 

Empirical. 

5.8 

2.76 

2.86 

2.89 

15.0 

1.182 

0.29 

Onsager or Kirkwood*. 

4.5 

3.13 

3.24 

3.28 

17.0 

1.000 

0.0 


* Minimum values for b. 


molecules, and gives us one of the most powerful methods for the accurate meas¬ 
urement of these quantities that is at present available. 

Dispersion of dielectric constant 

The quantitative behavior of the dielectric constant in this dispersion region 
is somewhat complex. Debye (12) has treated the simplest case involving a 
single relaxation time, and has obtained the equations 

€' = €„+ («0 - 0/(1 + * 7 *£) ( 8 ) 

Here is the usual dielectric constant of the solution (often called the “real” 
dielectric constant), eo and e* are the dielectric constants observed in regions 
A and C, respectively, v is the frequency, usually expressed in cycles per second, 
or megacycles per second, and v c is the “critical frequency,” defined as 1/(2ttt), 
where r is the relaxation time, which is the time required for 1/e of 
the molecules to become randomly distributed if they were completely oriented 
by a field, and then released at t = 0. 
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This simple theory, involving a single relaxation time and critical frequency, 
can be extended to include the case of several relaxation times, giving 

4 + A€i/(1 + v 2 /v\) + A € 2 / (1 + v 2 /v\) + ••• (9) 

where Aei, A€ 2 , etc., represent the total dielectric increment associated with the 
critical frequencies v ly etc. The critical frequencies are defined as before; 
that is, Vi = l/(2irr,). An ellipsoidal molecule would in general have three 
relaxation times, but if we restrict ourselves to ellipsoids of revolution, then 
we have only two relaxation times, r 0 and n , and hence two critical frequencies, 
v a and vb. Equations of Perrin (39) give r a and n in terms of the ratio of axes 
of the ellipsoid, a/6, and the relaxation time r 0 of a sphere of the same volume, 
and we can thus express v a and Vb in terms of a/6 and i/ 0 . If Ae t be taken as the 



Fig. 2. Dielectric dispersion curves /or elongated ellipsoids of revolution (according to 
Perrin). Constant dipole angle (0 =* 45°) and varying axial ratio (a/b from 1 to 50). 
(From Oncley: J. Phys. Chem. 44, 1103 (1940)). 

sum of Ae a and Ae by then equation 7 can be expressed in terms of a/6, v 0y Ae t , 
and Aca/Acb, and we can construct series of curves of (e' — e^)/Ae t against 
v/vo for various values of asymmetry, a/6, and increment ratio, A€ a /Ac 6 . Such 
curves are illustrated in figures 2 and 3. By comparison of the experimental 
values obtained in region B (figure 1) with theoretical values calculated in this 
manner, we can evaluate a/6, Ae a /Aand vo. The values of vo (or r 0 ) are di¬ 
rectly related to the molecular volumes, V y of the particles: 

*0 = kT/(8ir 2 ab\) = RT/tfirVij) = 1/(2ttto) (10) 

or 

V = RT/(6irrjvo) - RTr 0 /(Srj) (H) 

For water at 25°C., this becomes 

V = 147,000/(^)25^ = 925O(r 0 )25,* X 10 8 


(11a) 
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where vo is expressed in megacycles and to in seconds. The relaxation times are 
usually reduced to the value which would be obtained at 25°C. in water, using 
the equation 

Tto,w — TT/(298-i)/r)2s, w ) = T / (2tv c • 298 • 17 /(lib) 

The increment ratio, A€ a /Ae&, may also be expressed as a “dipole angle/' 8 , 
defined as the angle between the geometric axis a of the ellipsoid and the electric 
moment vector. Since the electric moment n will be the vector sum of the two 
moments fi a and fib , and since the moments are proportional to the square roots 
of the increments, we have 

tan 9 = nb/na = V&eb/At* (12) 



Fig. 3. Dielectric dispersion curves for elongated ellipsoids of revolution (according to 
Perrin). Constant axial ratio ( a/b « 9) and varying dipole angle (0 from 0° to 90°). 
(From Oncley: J. Phys. Chem. 44, 1103 (1940)). 

Dispersion of conductance 

Measurements of the specific conductance , 8 x, of a protein solution can also 
be used to evaluate the total dielectric increment and relaxation times of mole- 

8 The specific conductance of a solution, k } is determined from the measured parallel 
conductance, G , by the equation k ** 0.0885(?/<2 «= kG , where k is the usual conductance cell 
constant and Q is the change in cell capacitance (in wide) caused by a unit change in the 
dielectric constant (Q * dC/d«'). Here G is expressed in ^mhos and k in jumhos per centi¬ 
meter. 

We may also express the dielectric losses in these solutions in terms of the imaginary 
part of the complex dielectric constant, or by the phase angle. The complex dielectric 
constant, «, is composed of a real part, usually simply called the dielectric constant, and 
an imaginary part, t*. We have « « e ; — ie*, where i — \/—1. The phase angle, 5, is 
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cules. At low frequencies (region A, figure 1 ) this conductance will have the 
value Ko, which increases in region B to the value k w in region C. We thus have 
the equations 

*>)/(! + *7= ko + («.- ko)(»>/vc)7(1 + y / vl ) (13) 

and 

* = *oo “ A#ci/(1 + v 2 / v\) - Ak 2 /(1 + v 2 /v\) — ••• 

= Ko + AKi(v/|/i) 2 /(1 + ^Al) + Ak 2 (^/^2) 2 /(1 + ^Ai) ••• (14) 

TABLE 2 


Comparison of results obtained on several protein molecules studied by both bridge and 

calorimetric methods* 


PROTEIN 

METHOD 

CRITICAL 

IREQUENCY 

Vc 

DIELECTRIC 

INCREMENT 

A tt/g 

CONDUCT¬ 

ANCE 

INCREMENT 
A Kt/g 

Egg albumin (8-9 per cent concentration), [ 

Bridge 

0.88 

0.092 

(0.045) 

1st relaxation.< 

Calorimetric 

0.80 

(0.102) 

0.046 

i 

Best values 

0.86 

0.094 

0.045 

Egg albumin (8-9 per cent concentration), f 

Bridge 

3.6 

0.071 

(0.142) 

2nd relaxation. \ 

Calorimetric 

3.3 

(0.062) 

0.114 

{ 

Best values 

3.4 

0.063 

0.119 

Egg albumin (8-9 per cent concentration), ( 

Bridge 


0.163 

(0.187) 

total increments.j 

Calorimetric 
Best values 


(0.165) 

0.157 

0.154 

0.164 


Bridge 

1.9 

0.44 

(0.46) 

Carboxyhemoglobin (horse). 

Calorimetric 

2.0 

(0.40) 

0.44 


Best values 

1.9 

0.42 

0.44 

( 

Bridge 

2.4 

1.5 

(2.0) 

Lactoglobulin (0.1 per cent in water). \ 

Calorimetric 

2.2 

(1.4) 

1.7 

1 

Best values 

2.4 

1.5 

2.0 


* Taken in part from Oncley, Ferry, and Shack (36). 


to correspond with equations 8 and 9 for the dielectric constant. Here A k x and 
v% represent the conductance increment and critical frequency of the i th dispersion 
region. The relation 


A Ki = ActPt/1.80 


(15) 


defined by the equation tan 8 = t”/*'. When dealing with solutions having d.c. conduct- 
ance, #co, we must not include this part of the loss when computing the imaginary dielectric 
constant. The value as corrected for this d.c. conductance has been designated Ae*, and 
called the dielectric absorption (36, 41). It is related to the conductance by the equation 
A«* « 1.80 (k — k*)/v. Here the specific conductance k (and kq) is expressed in ^mhos 
per centimeter, and the frequency v in megacycles per second. 










Fig. 4. Dielectric absorption of carboxyhemoglobin solutions: o, experimental measure¬ 
ments of (k — K Q )/g; curve A, (k — K 0 )/g, and curve B, A *”/g. (From Oncley, Ferry, and 
Shack: Ann. N. Y. Acad. Sci. 40, 371 (1940)). 



Fig. 5. Dispersion of the dielectric constant of egg albumin, showing resolution into two 
Debye curves: o, experimental measurements of Ae/p; heavy curve from bridge measure¬ 
ments, and broken curve from calorimetric measurements. (From Oncley, Ferry, and 
Shack: Ann. N. Y. Acad. Sci. 40, 371 (1940)). 
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TABLE 3 


Dielectric increments and dipole moments of various protein molecules 


PROTEIN 

SOLVENT 

BEPERENCE 1 

TEM¬ 

PERA¬ 

TURE 

°C. 

Eo 

Fo 


E t 

M 

M 

Horse carboxyhemo- 










globin. 

Pig carboxyhemoglobin. 

Water 

Water 

(18, 32, 41) 
(3) 

25 l 
20 

0.331 

0 

0.09 i 

0.42 

0.3 

67,000 

(67,000) 

480 

410 

Myoglobin. 

Insulin. 

Insulin. 

Insulin. 

Water 

80% aque¬ 
ous pro¬ 
pylene 
glycol 
90% aque¬ 
ous pro¬ 
pylene 
glycol 
100% pro¬ 
pylene 
glycol 

(52) 

(8) 

(8) 

(8) 

25 

25 

25 

, 

25 

0.15 


(0.06) 

0.21 

0.38 

0.29 

0.26 

17,000 

40,000 

40,000 

40,000 

170 

360 

310 

300 

Lactoglobulin. 

M/2 + M/4 
glycine 

(19, 21) 

25 

1.51 

0.025 

(0.07) 

1.58 

40,000 

730 

Lactoglobulin. 

M/2 + M/4 
glycine 

(21) 

0 

1.84 

0.047 

(0.08) 

1.92 

40,000 

770 

Egg albumin. 

Water 

(35, 36, 41) 

25 

0.10 

0 

0.07 

0.17 

44,000 

250 

Horse serum albumin 










(carbohydrate-free) ... 

Water 

(20, 33) 

25 

0.17 

0 

0.07 

0.24 

70,000 

380 

Horse serum pseudo- 








142,000 

1100 

globulin -7. 

Water 

(20, 33) 

25 

1.08 

0.017 

(0.06) 

1.14 

Horse serum pseudo¬ 








142,000 

1300 

globulin-7. 

Water 

(33) 

0 

1.26 

0.023 

(0.06) 

1.32 

Edestin. 

Gliadin. 

Secalin. 

Zein. 

2 M glycine 

56% aque¬ 
ous eth¬ 
anol 

54% aque¬ 
ous eth¬ 
anol 

72% aque- 
, ous eth¬ 
anol 

(33) 

(2, 17) 

(1) 

(16, 46, 49) 

25 

25 

25 

25 

0.7 


(0.1) 

0.8 

0.10 

1.0 

0.4£ 

310,000 

i 42,000 

24,000 

> 40,000 

1400 

190 

440 

380 


exists between the conductance increment, the critical frequency, and the 
dielectric increment of any dispersion region when conductances are expressed 
in jumhos per centimeter and critical frequencies in megacycles. Measurements 


















TABLE 4 

Critical frequencies, relaxation times , and geometrical asymmetries of various protein molecules 
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of this type on a solution yielding a single relaxation time are shown in figure 4. 
The results of a comparison of conductance increments, dielectric increments, 
and critical frequencies by independent bridge and calorimetric methods are 
recorded in table 2. The mean values in this table are weighted, more weight 
being given to the low-frequency bridge data and to the high-frequency calorim¬ 
etric data. Values enclosed in parentheses are calculated from equation 15. 
Figure 5 also compares the data obtained by these two methods in the case of 
egg albumin. 

VII. RESULTS 

A survey of the dielectric constant literature for protein solutions reveals 
few data of significance before those of Wyman (49). Before this time most 
workers had made measurements at such high frequencies that the results ob- 



Fig. 6 . Dielectric dispersion curves of various proteins. 1, edestin; 2 , horse 7 -pseudo- 
globulin; 3, horse serum albumin; 4, egg albumin; 5, horse carboxyhemoglobin; 6 , lacto- 
globulin; 7, insulin. 

tained fell in region C (figure 1), where the contribution of the protein molecules 
to the dielectric constant was very small, and even these measurements were 
very uncertain. The development of new techniques of measurement since 
1928 have made observations in regions A and B much more reliable. The 
results which we will consider are confined almost entirely to these more recent 
investigations. 

Dielectric increments 

The dielectric increments and dipole moments of a number of protein molecules 
are recorded in table 3. The observed low-frequency increments vary from 
about 0.1 to over 1.8, a variation somewhat greater than has been observed in 
studies upon amino acids and peptides (33, 51). Dipole moments of from less 
than 200 to about 1400 Debye units have been computed from these results, 
using equation 7 with b equal to 5.8. These values of dipole moment seem very 
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large when compared with those of low-molecular-weight substances, but this 
is due largely to the high molecular weights of the proteins. A comparison of 


Serum Albumin Edestin Lactoglobulin 




HYDRATION 



Groms of Water per 


From frictional ratio 
(assuming *4% error) 



Grom of Protein 
From viscosity coefficient 
(assuming *10% error) 


From crystal density fpp^l From X-ray studies 

(assuming *25% error) |ff^ 



From dielectric dispersion, 
with ono relaxation time 



From dielectric dispersion, 
with two relaxation times 


Fia. 7. Asymmetry and hydration of various protein molecules. (Taken in part from 
Oncley: Ann. N. Y. Acad. Sci. 41, 121 (1941)). 


the electrical symmetry of molecules of widely differing size can be made by 
calculating the diameter, R, which the molecule would have if it were spherical 
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and unhydrated, and then computing the number of unit charges, z, which must 
be located at each end of a dipole of this length in order to give the observed di¬ 
pole moment . 9 Values obtained in this way are all much smaller than half 
the total anionic and cationic charges, which is roughly the maximum possible 
value, ZixitLx .• The ratio z/z rattX . obtained for serum albumin is about 0 . 02 , for 
hemoglobin 0.03, and for edestin 0.01. These molecules would accordingly 
have moments many times those reported here if they were very unsymmetrical 
electrically, and these measurements can be taken as proof of a fairly high 
degree of electrical symmetry. 


Relaxation times 

The observed critical frequencies and relaxation times of most of the proteins 
which have been studied are recorded in table 4. These values have been ob¬ 
tained from dispersion curves, such as illustrated in figure 6 . In the cases where 
two critical frequencies have been observed, the data have been interpreted in 
terms of the geometrical asymmetry a/b , the dipole angle 0 , and the relaxation 
time to of a sphere of equal volume. These values can be expressed in terms 
of the asymmetry a/b and the hydration of the protein molecules, w , and these 
quantities can be compared with those obtained by diffusion, ultracentrifuge, 
x-ray, and other methods. Figure 7 illustrates this comparison, the results 
being recorded as areas which represent probable combinations of asymmetry 
and hydration. The agreement is fairly good in most cases, and all of the 
molecules recorded here would appear to be more or less elongated ellipsoids 
with hydration values from 0.2 to perhaps 0 . 6 . 

When these results are compared with similar studies on other macromolecules, 
they appear to indicate a characteristic degree of rigidity in protein structure 
which is not found in most materials. 
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Equilibria, acid-base, effect of dielectric 
constant on, 30, 159 

chemical, for gaseous hydrocarbons, 27,39 
in chemical systems under high pressure, 
29, 439 

ionic, in pure water and in salt solutions, 
effect of pressure upon, 29, 461 
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Indole, 30, 69 
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of, 29, 1 

dipolar, theoretical studies upon, 24, 233 
metallic, coordinating tendency of, 23, 65 
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Isotopes, radioactive, synthetic, 23, 77 

Kinetics of elementary reactions of the 
simple hydrocarbons, 22, 311 
Kjcldahl determination of nitrogen, 27, 331 
Knock, engine, and molecular structure of 
hydrocarbons, 22, 159 
rating of motor fuels, 22, 143 

Limits of inflammability, 22, 1 
Lipids, acid-fast bacterial, 29, 225 
Liquid state, changes in, in the critical- 
temperature region, 23, 17 
Liquids, polar, dielectric constants of, 25, 
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solubility of gases in, 28, 519 

Mechanism of alcoholic fermentation, 26, 
423 

of combustion of hydrocarbons, 21, 319 
of combustion of hydrogen, 21, 331 
of ignition by electric discharges, 21 , 221 
of photographic development, 30, 1 
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Membranes, native cellulose, x-ray studies 
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Metal carbonyls, valence relations among, 
26, 409 
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Metal ions, complex, polarographic waves 
of, 29, 1 

Metallic ions, coordinating tendency of, 

23, 65 

Method, equation of state, thermodynamic 
calculations of pressure effects in gase¬ 
ous reactions by, 29, 525 
statistical, of calculating thermodynamic 
functions, 27, 17 

Tiselius, electrophoresis of proteins by, 
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Molal volumes, 30,171 
Molecular distillation, separation of natural 
component of fats and oils by, 29, 317 
structure of fats and oils, 29, 199 
Mollier diagram for the internal-combustion 
engine, 21, 439 

Moments, dipole, in determination of struc¬ 
ture, 29, 553 

Monolayers, protein, properties and struc¬ 
ture of, 24, 181 

Motor fuels, knock rating of, 22, 143 

Naphthenic acids, 30, 97 

Nitrogen, Kjeldahl determination of, 27, 331 

Nitrones, 23, 193 

Oils, development of rancidity in, 29, 257 
molecular structure of, 29, 199 
separation of components of, by molec¬ 
ular distillation, 29, 317 
Olefins, coordination compounds of, with 
metallic salts, 28, 229 

Optical rotatory power, theories of, 26, 339 
Organic substances, color of, 25, 273 
Organobismuth compounds, 30, 281 
Orientation in the benzene ring, 29, 37 
Otto cycle, analysis of rate of rise of pres¬ 
sure in, 22, 27 

-cycle engine, combustion in, 22, 51 
-cycle engines, economics of knock ratings 
of fuels for, 22 , 281 

Oxidation, electrolytic, hydrogen peroxide 
theory of, 25, 407 

of hydrocarbons at high pressure, 21, 299 
of organic compounds at the dropping- 
mercury electrode, 24, 95 
of propane, 21 , 287 

-reduction indicators used in volumetric 
analysis, 29, 69 

reversible two-step, involving free radi¬ 
cals, 22, 437 

Oxides, colloidal, complex compound theory 
of, 21,113 

hydrous, constitution of colloidal systems 
of, 25,1 

Ozonization reaction, 27, 437 

Paraffins, gaseous, slow combustion of, 21, 
279 

Peroxide effect in addition and rearrange¬ 
ment reactions, 27 , 351 
Peroxides, transannular, 28,367 
Perrhenate, reduction of, 23, 187 
Phases, polymorphic, of triglyceride fats, 
29, 355 
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Phenols, structures and bactericidal prop¬ 
erties of, 28, 269 

Phospholipids, structure of, 29, 245 
Photographic development, mechanism of, 

30, 1 

Photoreactions sensitized by the halogens, 

26, 329 

Plants, rotenone-bearing, constituents of, 

30, 33 

Plasma proteins, 28, 395 
Point, critical, diffraction ol x-rays by 
substances in the region of, 23, 29 
Polar groups of protein and amino acid sur¬ 
faces in liquids, 24, 345 
Polarographic method, application in or¬ 
ganic chemistry, 24, 95 
method of chemical analysis, 24, 1 
waves of complex metal ions, 29, 1 
Polymers, synthetic linear, investigation of, 
by x-rays, 26, 143 

Polymorphic phases of triglyceride fats, 
29, 355 

Precipitin reactions, chemical aspects of, 
24, 323 

Pressure and rate processes, 29, 509 
effect of, upon ionic equilibria in pure 
water and in salt solutions, 29, 461 
effects in gaseous reactions, thermo¬ 
dynamic calculations of, 29, 525 
high, reactions and equilibria in chemical 
systems under, 29, 439 
system carbon dioxide-water under, 29, 
475 

Processes, rate, and pressure, 29, 509 
Propagation of flame, problems in, 21, 359 
of flame, theory of, 21, 347 
Propane, oxidation of, 21, 287 
slow combustion of, 21, 279 
Protein chemistry, symposium on physico¬ 
chemical methods in, 30, 321 
constituent analysis by the solubility 
method, 30, 423 

crystals, review of x-ray work on, 28, 215 
molecules, physical-chemical character¬ 
istics of, 24, 203 

monolayers, properties and structure of, 
24, 181 

surfaces in liquids, polar groups of, 24, 345 
tobacco mosaic virus, physical chemistry 
of, 24, 303 
Proteins, 28, 395 
acid-base titration of, 30, 395 
analysis of, by the solubility method, 
80, 423 


Proteins, application of the theory of abso¬ 
lute reaction rates to, 24, 253 
electrophoresis of, by the Tiselius method, 

24,271 

interatomic distances in, 26, 227 
investigation of, by dielectric measure¬ 
ments, 30, 433 

investigation of, by diffusion measure¬ 
ments, 30, 357 

solubility methods in the study of, 30, 413 
structure of, in relation to biological prob¬ 
lems, 22, 423 
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surface activity of, 23, 391 
symposium on the physical chemistry of, 

24, 177 

ultracentrifugal analysis of, 30, 341 
Purification of the plasma proteins, 28, 395 

Quinolines, 30, 113 

Radicals, free, in solution, 21, 169 
free, theory of reversible two-step oxida¬ 
tion involving, 22, 437 
Radioactivity, artificial, 27, 199 
Rancidity, development of, in fats and oils, 
29, 257 

Rate processes and pressure, 29, 509 
Rates, absolute reaction, theory of, 28, 301 
absolute reaction, theory of, application 
to proteins, 24, 253 

Rating Diesel fuels, methods of, 22, 107 
Reaction, Fries, 27, 413 
ozonization, 27, 437 

Reactions, addition, peroxide effect in, 27, 
351 

gaseous, thermodynamic calculations of 
pressure effects in, 29, 525 
in chemical systems under high pressure, 

29, 439 

rearrangement, peroxide effect in, 27, 351 
Rearrangement, Claisen, 27, 495 
reactions, peroxide effect in, 27, 351 
Reduction of organic compounds at the 
dropping-mercury electrode, 24, 95 
of perrhenate, 23, 187 
of silver halides, 30, 1 

Renal mechanisms controlling composition 
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Retene, chemistry of, 24, 135 
Ring, benzene, orientation in, 29, 37 
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Rotenone-bearing plants, constituents of, 
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Rubber, state of aggregation of, 25, 137 
structure of, 26, 203 
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icity of, 28, 179 

oxychloride as a solvent, 23, 165 
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Silver halides, reduction of, 30, 1 
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Solutions of electrolytes, association of, 

30, 211 
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Spectra, ultraviolet absorption, of fatty 
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Stabilization of valences by coordination, 
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critical, symposium on, 23, 1 
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dipole moments in the determination of, 
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Thermodynamic properties of electrolyte 
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